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“ELECTRON TRANSFER IN TWO AND THREE DIMENSIONS” 
DARREN A WALSH, B Sc , M Sc
A number of osmium bipyndyl complexes have been synthesised and characterised using 
spectroscopic, chromatographic and electrochemical techniques The complexes formed 
are [Os(bpy)2  4-tet C1]C104, [Os(bpy)2 4-bpt C1]PF6 and [Os(bpy)2 Cl 4-bpt Os(bpy) 2 
C1](PF6)2, where bpy is 2 ,2 ’-bipyridyl, 4-tet is 3,6-bis(4-pyndyl)-l,2,455-tetrazine and 4- 
bpt is 3,5-bis(pyridin-4-yl)-l,2,4-tnazole Monolayers of [Os(bpy) 2 4-tet C1]C1 0 4  have 
been formed by spontaneous adsorption onto clean gold microelectrodes The tetrazine 
bridge between the [Os(bpy)2Cl]+ head group and the metal electrode surface undergoes a 
reversible protonation/deprotonation reaction depending on the pH of the contacting 
electrolyte solution High speed cyclic voltammetry reveals that the redox switching 
mechanism is best described as a non-adiabatic, through-bond tunnelling mechanism 
Significantly, while protonating the bridging ligand does not influence the free energy of 
activation, 10 3±1 1 kJ mol *, k° decreases by 1 order of magnitude from 1 1 x 104 s 1 to 
1 2  x 103 s 1 upon going from a deprotonated to a protonated bridge These observations 
are interpreted in terms of a through-bond tunnelling mechanism m which protonation 
decreases the electron density on the bridge and reduces the strength of electronic 
coupling between the redox centre and the electrode
Solid deposits of the dimeric complex [Os(bpy) 2 Cl 4-bpt Os(bpy)2 C1](PF6)2 have been 
deposited on platinum microelectrodes by mechanical attachment The electrochemical 
response exhibited by these deposits is unusually ideal over a wide range of electrolyte 
compositions and pH values Dct, the charge transport diffusion coefficient, is 
independent of the electrolyte concentration, indicating that electron self-exchange 
between adjacent redox centres limits the overall rate of charge transport through the 
solid In 1 0 M L1CIO4 and 1 0 M HCIO4, Dct values are 2 0±0 lxlO 10 and 1 7±0 4x10 10 
cm2 s corresponding to second order electron transfer rate constants of 1 8 x l 0 7 and 
3xl07 M 1 s 1 The standard rate of heterogeneous electron transfer across the
n t
electrode/deposit interface is 1 08+0 05x10 cm s This value is approximately one 
order of magnitude lower than that found for a similar monomeric complex in which the 
bridging ligand is attached directly to the electrode surface, indicating that the 4-bpt 
ligand does not promote strong electronic communication between the [Os(bpy)2CI]+ 
head group and the electrode surface
Monolayers of [Os(bpy)2 4-bptCl]PF6 have been formed by spontaneous adsorption onto 
platinum microelectrodes These monolayers are extremely stable under a wide range of 
electrolyte compositions and pH values Significantly, the 4-bpt ligand is capable of 
undergoing a protonation/deprotonation reaction depending on the pH of the contacting 
electrolyte solution High speed chronoamperometry reveals that protonation of the 4-bpt 
bridging ligand causes the standard rate of heterogeneous electron transfer to decrease by 
at least an order of magnitude from 2 67 x 106 to 4 5 x 104 s' 1 for the oxidation process 
and from 1 60 x 106 to 1 9 x 105 for the reduction process Consistent with a 
superexchange mechanism, these observation are interpreted in terms of a hole 
superexchange process, the rate of which decreases with increasing energy gap between 
the osmium metal dn orbitals and the highest occupied molecular orbital of the bridge
CHAPTER 1
THEORETICAL FRAMEWORK 
AND
LITERATURE SURVEY
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1 1 INTRODUCTION
The study of bridge mediated electron transfer reactions has been the focus of 
intense research in the past number of years Much of this work has been driven 
by the desire to synthetically model biological electron transfer events, thereby
12  3increasing the understanding of natural phenomena such as photosynthesis 
Moreover, electrochemical investigations of electron transfer reactions have aided 
the development of areas such as molecular electronics, electrochemical sensors 
and electrocatalysis 4 5,6
The intervening bridge between an electron donor and acceptor pair plays a 
critical role in the electron transfer reaction For example, photochemical studies 
of electron donor-acceptor pairs separated by rigid bridging ligands of increasing
7 Rlength have provided insights into the distance dependence of electron transfer 
Numerous electrochemical investigations of electron donor-acceptor pairs in 
which either the donor or acceptor is replaced by an electrode surface have 
allowed an understanding of the effects of parameters such as distance, driving 
force, temperature and surrounding medium on the electron transfer reaction 
across molecular bridges 91011
However, surprisingly few studies have been carried out in which the effect of the 
nature of the intervening bridge on the electron transfer reaction has been probed 
Given that the intervening bridge between an electron donor-acceptor pair 
controls the extent of electronic communication between the electron donor and 
acceptor, the bridge structure has a crucial role in the electron transfer reaction 
Only in recent years have chemists begun to examine the effect of, for example, 
bonding characteristics, 12 substitution13 and conjugation14 on electron transfer 
processes Through these investigations, a thorough understanding of the effect 
of the bridge structure on electron transfer should emerge
2
The work described m this thesis is primarily designed to electrochemically probe 
the effect of the intervening bridge structure on the rate of electron transfer 
between electron donors and acceptors In this regard, monomolecular films of 
redox-active species, tethered to an electrode surface via a bridging ligand have 
proven extremely valuable The electrode surface can then act as either electron 
donor or acceptor In addition, electron transfer through solid-state films can 
provide important insights into both electron transfer through solids as well as 
between donor-acceptor pairs across molecular bridges
The molecular bridges used in this work have been carefully chosen so that not 
only can the bridge be reduced in an electrochemically accessible potential 
window, but the bridge is also capable of undergoing a protonation/deprotonation 
reaction depending on the pH of the contacting electrolyte solution Therefore, 
these systems provide a convenient means to alter the structure of the bridge by a 
simple change in the pH of the contacting electrolyte solution The effects of 
bridge protonation on the dynamics of heterogeneous electron transfer can then be 
examined, providing an insight into the role of bridge structure in mediated 
electron transfer processes
In this chapter, the contemporary theories used to describe electron transfer 
reactions are described The formation and characterisation of monomolecular 
films and solid-state films at electrode surfaces are then described The 
electrochemical techniques that are commonly used to characterise the electron 
transfer activity of redox-active films are then described A review of the relevant 
literature is then described, providing an insight into the current scientific 
knowledge regarding the effect of bridge structure on mediated electron transfer
Chapter Two describes the synthesis and characterisation of the complexes used 
in this study The majority of the work carried out in this study has employed 
microelectrodes and the construction and characterisation of the microelectrodes 
are described in Chapter Two In Chapter Three, a novel monolayer system is
3
described, in which an osmium polypyndyl redox centre is tethered to a gold 
microelectrode surface Significantly, the bridging ligand employed is capable of 
undergoing a protonation/deprotonation reaction depending on the pH of the 
contacting electrolyte solution The effects of bridge protonation on the 
heterogeneous electron transfer rate between the osmium metal centre and the 
gold electrode are discussed, providing an insight into the effect of the bridge 
structure on the electron transfer reaction
Chapter Four describes the electrochemical behaviour of a solid layer of a dimeric 
osmium polypyndyl complex at platinum electrode surfaces Electrochemical 
investigations of these films can provide an insight into the factors governing 
charge transport throughout solid materials The rate of heterogeneous electron 
transfer across the solid film/electrode interface can also be probed This can 
allow an insight into how the method of attachment of redox species to electrode 
surfaces can affect the rate of electron transfer across the electrode surface
In Chapter Five, the effects of bridge protonation on another osmium polypyndyl 
monolayer system are investigated The bridge employed in this study capable of 
undergoing a protonation/deprotonation reaction depending on the electrolyte pH 
In conjunction with the system described m Chapter Three, these studies may 
allow a deeper understanding of the effects of bridge structure on bridge mediated 
electron transfer reactions
4
12 THEORIES OF ELECTRON TRANSFER
1 2 1 INTRODUCTION
In order to study the effects of bridge structure on bridge mediated electron 
transfer, it is important to first describe some of the theoretical models that have 
been introduced to describe electron transfer processes A number of electron 
transfer models have been developed to date The oldest of these is the Butler- 
Volmer model, which is essentially a macroscopic model and is still widely 
used 1516 Over the past number of decades a number of microscopic models have 
been developed, which aim to describe how factors such as the reactant structure, 
the solvent or the electrode material affect the rate of electron transfer Much of
1 -7 T O
this work has been carried out by Landau, Zener, Marcus and Hush In the 
following sections, the most widely used models assembled to describe electron 
transfer reactions are described, including the Butler-Volmer formulation of 
electrode kinetics, the Marcus theory of electron transfer and the semi-classical 
model of electron transfer
1 2 2 THE BUTLER-VOLMER MODEL
The Butler-Volmer formulation of electrode kinetics is the oldest and simplest 
model derived to describe heterogeneous electron transfer reactions The model is 
based on purely classical concepts and has severe limitations It does not account 
for the known distance dependence of electron transfer It does not account for 
any changes in the structure of the redox centre or the solvent upon electron 
transfer The theory also predicts that the rate of electron transfer will increase 
exponentially with increasing driving force However, this is only true over a 
limited range of driving forces Nonetheless, the theory does provide a 
description of experimental electrode kinetics under a variety of conditions and is 
still widely used in the scientific literature
5
The rate constant for a reaction can be deduced from activated complex theory16 
and is given by
k = A e'Ea/RT (11)
where Ea is the activation energy of the reaction This is the energy barrier that 
must be surmounted before the reaction can proceed The exponential term 
represents the probability of the reaction surmounting the energy barrier of height 
Ea The pre-exponential factor, A, is related to the frequency of attempts on the 
energy barrier Therefore, A is commonly referred to as the frequency factor 
Upon surmounting the energy barrier the system forms what is known as the 
activated complex or transition state
To illustrate the effect of activation energy on the path of reactions, the potential 
energy is usually expressed as a function of a reaction coordinate The reaction 
coordinate represents the progress of a reaction along the path from reactants to 
products The reaction coordinate is a multidimensional surface representing all 
of the independent coordinates of the reactants and the products plus the 
surrounding medium of each The energy surfaces have minima, corresponding 
to the most stable configuration of the reactants and the products Typically, as 
the reaction coordinates change from those of reactants to products the potential 
energy rises over a maximum, where the two coordinates intersect, and falls into 
the product configuration The reaction coordinates will only intersect when the 
reactants and the products have the same energies and configuration The height 
of the potential energy maximum above which the reaction coordinate must pass 
in order to reach the products coordinate is identified as the activation energy A 
representation of the potential energy changes that occur during a reaction is 
illustrated in Figure 1 1
6
>1 
O ’
co
neactants
a;4~>□
CL
Producís
Reaction coordinate
Figure 1 1 Representation of the changes in potential that occur during the 
course of a reaction
7
Ea can also be considered as a change in the standard internal energy of the 
system upon reaching the maximum (intersection) from one of the minima in 
Figure 1 1 Therefore, it may be called the standard internal energy of activation, 
AE* The standard enthalpy of activation is then given by
AH* = AE* + A(PVf (1 2)
In condensed phase reactions, A(PV)* is usually negligible, therefore
AH* = AE* (1 3)
Equation 1 1 can then be rewritten as
k = Ae-AH*/RT (14)
From this, Equation 1 5 can be written as
k = A 'e'AG*/RT (1 5)
where AG* is the standard free energy of activation and A’ contains the pre­
exponential factor, A, and the exponential term, exp(AS*/R) Because this 
exponential term is a constant, Equation 1 5 is written simply containing the 
factor A’
Considering now a one-step, one-electron transfer reaction (e g , in solution, not 
electrochemically driven) whereby a species, A, is reduced to form the reduced 
species, B as follows
kt
A + e B
kb
(16)
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Assuming that the rate constants for the forward reaction, kf, has an Arrhenius 
form as in Equation 1 5, kf can be expressed as
kf = Af'exp AG:
RT
(17)
In the case where the reaction is electrochemically driven, i e , the driving force 
can be controlled externally, the chemical free energy of activation must be
replaced with the electrochemical free energy of activation, AG The 
electrochemical rate constant is then
kf = A f'exp -AG*
RT
(1 8)
The effect of a change in potential on the standard free energies of activation is 
illustrated in Figure 1 2
If there is a positive shift m potential, AE, the energies of the electrons on the 
electrode shifts by -FAE The parabolic curve representing the reactants 
coordinates then shifts by that amount The barrier to oxidation (AGa) has now 
been reduced by a value 1 -a, where a  is the transfer coefficient and can have 
values between zero and one depending on the shape of the free energy curves in 
the intersection region Upon shifting the potential to a new value by the amount 
AE, the barrier to reduction, (AGC) becomes larger than by the amount anFE The 
free energies of activation can be described by
AGC* = AGC* + ctnFE (19)
AGa* =AGa*-(l-a)nFE (110)
9
Free Energy
E 2
Figure 1 2 Effect of a change in potential (from an initial potential Eito E2) on 
the standard free energies of activation for oxidation and reduction
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The rate constants for the reduction and oxidation reactions have an Arrhenius 
form (Equation 1 8 ) and substituting Equations 1 9 and 1 10 into Equation 1 8  
yields the rate constants for the reduction and oxidation reactions expressed as a 
function of potential
kf = Af'exp -AG,
RT < 4 f p ) (i li)
kb = Ab 'exP
~ A G a
RT
exp (l-a)nFE
RT
(1 12)
The first exponential term in equations 1 11 and 1 12 is independent of the 
applied potential and represents the rate constants of the reactions at equilibrium, 
i e at E = E0’ However, at equilibrium, the reduction and oxidation reactions 
occur at the same rate and k f  =  kb =  k °  k °  is termed the standard heterogenous 
electron transfer rate constant The rate constants at potentials other than E0’ can 
then be expressed in terms of k °  according to
k f  -k ° e x p
-a n F (E -E 0') 
RT
(1 13)
k^ = k°exp
(l-a )n F (E -E 0 ') 
RT (1 14)
The standard heterogenous electron transfer rate constant, k°, is then a measure of 
the dynamic facility of a redox couple Redox couples with large k° values will 
reach equilibrium rapidly, while couples with small k° values will exhibit sluggish 
kinetics Even redox couples which show small k° values can, however, exhibit
11
high reaction rate constants if the driving force (1 e the potential relative to E0’) is 
high enough
As outlined previously, the Butler-Volmer formulation of electrode kinetics is still 
widely used in the scientific literature and many systems can be adequately 
described by this model The model predicts that as the overpotential applied to 
the system (1 e E -  E0’) is increased, the rate of the reaction will increase 
exponentially This, however, is only true for a limited range of overpotentials 
and it is found that at high overpotentials the rate of the reaction becomes 
independent of the applied potential This model also fails to adequately account 
for the effect of distance on the rate of electron transfer Thirdly, the model does 
not describe how the structure of the redox centre or the surrounding solvent can 
affect the rate of reaction
12
1 2 3  THE MARCUS THEORY OF HETEROGENOUS ELECTRON 
TRANSFER
The Marcus theory of electron transfer1920 is widely accepted as the most 
comprehensive description of electron transfer reactions Parabolas are also used 
in this model as Marcus theory assumes that the reaction coordinates conform to a 
simple harmonic oscillator model The Franck-Condon Principle states that 
electron transfer is an instantaneous process Therefore, no nuclear motion occurs 
during the electron transfer step The first law of thermodynamics which states 
that energy must be conserved must also be obeyed during the electron transfer 
step Therefore, electron transfer is an isoenergtic process These two criteria can 
only be met at the intersection of the two reaction coordinate parabolas 
Considering the free energy curves illustrated in Figure 1 2, it is apparent that the 
rate of the forward reaction (reduction) depends on the number of reactant 
molecules that cross over the intersection region of the two curves and fall into 
the products configuration
The number of molecules that cross the intersection region depends on the 
number of molecules that can overcome the energy barrier (i e , Ea) to reach the 
intersection region (i e , the transition state) However, the number of molecules 
that cross the intersection also depends on the probability that the molecules 
reaching the transition state fall into the products configuration and do not fall 
back into the reactants configuration The heterogeneous electron transfer rate 
constant, k°, is given by
k° = K 0 u n Keiexp -AG*X
RT
(1 15)
where u n is the nuclear frequency factor, Kei is the electronic transmission 
coefficient and Ko is a precursor equilibrium constant un represents the 
frequency of attempts on the energy barrier and is associated with the frequency
13
at which the molecules achieve the appropriate configuration to form the 
transition state Kei is the probability that those molecules that achieve the 
transition state fall into the products configuration and do not fall back into the 
reactants configuration K0  represents the ratio of reactant molecules in the 
reactive position for transition state formation For a heterogenous reduction 
reaction, the precursor state can be envisaged as a molecule that is close to the 
electrode such that electron transfer from the electrode is possible k° can then be 
expressed as
k° = un oexp -A G *X
RT
(1  16)
where cj is an equivalent reaction layer thickness
The activation energy for the reduction reaction, AG*, is related to the standard 
free energy change for the reaction, AG°, according to
AG,  = ( A G ^  (1 1 7 )
4 a
where X is the total reorganisation energy, which is the energy required to alter 
the geometry of the reactants and surrounding medium to achieve the 
configuration of the product state At E = E0’, where AG° = 0, the free energy of 
activation is then equal to X/4 The reorganisation energy comprises two 
contributions, the outer sphere component, XouU is associated with reorganisation 
of the solvent and surrounding media The inner sphere component, A,inj reflects 
the contributions from reorganisation of the molecular geometry of the reactant as 
it reaches the product configuration The total reorganisation energy is described 
as
14
The inner sphere contribution to the total reorganisation energy is defined as
X -  Xout + X in Q 18)
( '1 9 )
J
where f/ is the j th normal mode force constant of the reactant species, f /  is the j th 
normal mode force constant of the product and Aqy is the equilibrium 
displacement of the j th normal coordinate ^ In is difficult to calculate due to the 
large number of parameters associated with it Knowledge of all of the force 
constants associated with all molecular vibrations of the reactants and the 
products is required However, in the majority of systems studied here the bond 
length changes that accompany redox reactions are small and the major 
contribution to X comes from X0ia ^out is given by
; -  ^  
Aout ~ An e 0
1 + 1
2  rD 2 rA rDA_ sop £s
(1 20)
where e is the electronic charge, sq is the permittivity of free space, s0p and ss are 
the optical and static dielectric constants of the solvent, ro and rA are the radii of 
the reactants, and tda is the mterreactant centre-to-centre distance
Equation 1 17 predicts a parabolic relationship between the free energy of 
activation and the standard free energy change for the reaction For AG° values 
less than X, the rate of the electron transfer reaction increases with increasing AG° 
values This behaviour is consistent with that described by the Butler-Volmer 
model of electrode kinetics at low overpotential values However, as AG° 
becomes equal to X, AG* becomes equal to zero and the reaction becomes 
activationless In this region, further increases in the driving force do not cause
15
increases m the rate of the reaction At sufficiently high values of AG°, AG° 
becomes greater than X and any increase in the driving force leads to a decrease in 
the reaction rate This is known as the Marcus inverted region This behaviour is 
illustrated m Figure 1 3
The electronic transmission coefficient, Kei, described m equation 1 15 describes 
the probability of the reactant species achieving the configuration of the products 
once the transition state has been achieved The transfer of an electron between 
an electrode and a species held at some distance from the electrode is considered 
to be a tunnelling process, the probability of which decreases with increasing 
separation between the electrode and redox species Kei can have values between 
zero and unity and is dictated by the strength of electronic coupling between the 
electrode and the redox species
In the case of strong electronic coupling, the probability of products being formed 
once the transition state has been achieved is close to unity This is reflected in a 
flattening of the reaction coordinates near the intersection (Figure 1 4 b) 
However, the probability of initially achieving the transition state is reduced 
under these conditions This is termed an adiabatic process Electron transfer 
reactions involving electron transfer over small distances are usually adiabatic If 
there is weak electronic coupling between the electrode and the redox species, the 
probability of the reactants crossing over to the products configuration is small 
and Kei «  1 This is illustrated in Figure 1 4 a, where the intersection between 
the two potential energy surfaces appears as a sharp cusp The reactants must 
cross over onto a new potential energy surface for electron transfer to occur In 
this case, the process is termed a diabatic (or non-adiabatic) process Electron 
transfer reactions that involve electron transfer over long distances are usually 
non-adiabatic
1 6
(a) Normal (b) Activationless (c) Inverted
Figure 1 3 Reaction coordinates for a redox reaction illustrating the effect of 
increasing AG° on the reaction rate (a) Normal region where AG° < X, (b) 
Activationless region where AG° = k, (c) Inverted region where AG > X
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Adiabatic electron transfer reactions involving electron transfer to or from 
electrode surfaces, in which there is strong electronic coupling between the 
electrode and the redox species generally occurs through the states near the Fermi 
level of the electrode The potential dependent rate of electron transfer can be 
expressed for adiabatic systems by
k(E) = un D ox (47i/iOxkT) 1/2 exp- flo x -E ) '4X.0xkT
(1 21)
where Dox is the density of acceptor states m the molecule
Diabatic systems can involve electron transfer from electronic states other than 
the Fermi level Therefore, all of the electronic states in the electrode must be 
considered The Fermi function is used to describe the distribution of occupied 
states within a metal according to
n(E)= r \n .T  (122)l+exp[(E-Ep)/kT
where E f is  the Fermi level of the metal The potential dependent rate of electron 
transfer for diabatic systems can then be expressed as
1 n  +(?  o- [(^0x -E)2/4X0xkT] 
k(E) = DnD ox(47^ o x kT) - 1 /2  J e-  e(E-EF/kT) + 1  23)
—00
Both equations 1 21 and 1 23 predict that at high driving forces (where the 
overpotential is approximately equal to the reorganisation energy) the rate of 
electron transfer no longer increases with increasing overpotential At even 
higher overpotentials, the rate of electron transfer decreases with increasing 
overpotential This is the “Marcus inverted region” described previously
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(a) (b)
Reaction
Coordinate
Reaction
Coordinate
Figure 14 Reaction coordinates for (a) non-adiabatic and (b) adiabatic 
electron transfer reactions Hab is the coupling element between the electron 
donor (oxidised species) and acceptor (reduced species)
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1 2 4 THE SEMI-CLASSICAL MODEL OF ELECTRON TRANSFER
Models described by Landau, Zener, Marcus and Hush171821 led to the 
development of the semi-classical model of electron transfer, represented by 
equation 1 24
k et = 'un KelexP
(A G"+xy  
4kBT
(1 24)
where kß is the Boltzmann constant For a diabatic electron transfer reaction vnKei 
is given by
un Kel =
47i2 |HA B |2 '  ^ L
4xAkBT j
(125)
The major difference between this model and the models described previously is 
that the product unKej is proportional to the electronic coupling matrix between the 
oxidised and reduced species, as well as k  and AG°
2 0
1 3 REDOX-ACTIVE LAYERS AT ELECTRODE SURFACES
1 3 1 INTRODUCTION
Monolayers of redox-active species tethered to electrode surfaces via a bridging 
ligand have been demonstrated to be an extremely valuable tool for the study of 
electron transfer reactions By using rigid bridging ligands, it is possible to 
accurately control the distance between the electron donor and acceptor involved 
in the reaction Through the seminal work of chemists such as Creager, Chidsey 
and Finklea, alkanethiol monolayers that contain a redox-active head group (e g 
ferrocene) have been extensively used probe the effects of distance,22 23,24,25 26 
temperature, pH and electrolyte on the dynamics of electron transfer 
across the electrode/monolayer interface These observations have been 
instrumental in both furthering the understanding of electron transfer reactions 
and in testing modern theories of electron transfer
Due to their facile electrochemical responses, stability m a number of oxidation 
states and ease of adsorption onto inert metal substrates, osmium polypyridyl 
monolayers have also been used extensively for the study of electron transfer 
reactions Comprehensive studies by chemists such as Forster and Abruna have 
employed osmium polypyridyl complexes to probe the adsorption and desorption 
of these complexes, and to determine the effects of parameters such as 
temperature, driving force and solvent on the dynamics of heterogeneous electron 
transfer1134 35
Solid films of redox-active material mechanically attached to electrode surfaces 
have also been used to examine the processes that govern electron transfer 
reactions Since the original experiments that were carried out just over a decade 
ago by Bond and Scholtz,36 37 researchers have used solid-state films to probe 
electron transfer mechanisms both through solid materials and across the 
solid/electrode interface 38 394041 These studies have provided insights into the
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effects of solvent4243 and counterion44 45 46,47 48 on the electron transfer properties 
of solids
In the following sections, the formation and characterisation of electrodes 
modified with both monolayers and solid films of redox-active materials are 
described Upon formation of modified electrode surfaces, it is crucially
important that the microscopic structure of the modified electrode surface can be 
characterised Surface characterisation of modified electrode surfaces can provide 
insights into the relative perfection of a monolayer or the microcrystalhne 
structure of a solid film This is especially important for the study of electron 
transfer dynamics, as minute changes in the electron transfer distance can have 
drastic effects on the rates of electron transfer22
For the formation of monolayers at electrodes, thiol compounds are the most 
frequently used species These compounds form particularly strong bonds with 
gold and other coinage metal surfaces Therefore, due to the vast body of work 
that has emerged regarding thiol compounds on gold, some examples of these are 
described However, for the purposes of this thesis, osmium polypyndyl
complexes are of primary interest, therefore the mam focus of the examples given 
in this section shall be on osmium polypyndyl type complexes
2 2
1 3 2 FORMATION OF MODIFIED ELECTRODE SURFACES
13 2 1 MONOLAYER MODIFIED ELECTRODES
Self-assembly of adsorbates from solution, forming self-assembled monolayers 
(SAMs), is the most widely used method for forming monolayers at electrode 
surfaces Typically, low concentration solutions (juM-mM) of the species of 
interest are used and the electrode surfaces are exposed to the solution at room 
temperature for a number of hours Non-adsorbed material can be removed by 
linsing the electrode with a solvent
In forming monolayers of osmium polypyridyl complexes, a stable bond between 
the bridging ligand and the metal surface is essential and by probing the 
adsorption dynamics it is possible to gain an insight into the relative stability of 
these films In an early report, Acevedo and Abruna49 described the behaviour of 
monolayers of [Os(bpy)2(dipy)Cl]+ at platinum electrodes, where bpy is 2,2’- 
bipyndme and dipy is 4,4’-tnmethylenedipyndine The effect of the solvent on 
the formal potential of the redox centre were studied in a series of six organic 
solvents and aqueous solutions Based on the surface activity of Brown and 
Anson, 50 the anodic and cathodic peak potentials determined from cyclic 
voltammetry are equal and can be related to the surface coverage of the 
monolayer by
Epeak = E° +(RT/nF)(rR -  r0) r T (1 26)
where tr  and r0  are interaction parameters representing mtermolecular 
interactions between reduced and oxidised forms respectively The anodic and 
cathodic peak potentials were not the same and the authors used the average of the 
two (the formal potential, E0’) to represent Epeak Therefore, the formal potential 
can give an insight into the surface coverage as rR and ro change with changing 
surface coverage E0’ shifted in a positive direction with increasing surface
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coverage, even at low coverage, indicating that a spread submonolayer was 
formed at low coverages (rather than islands of congregated adsorbates)
Figure 1 5 Proposed orientation of [Os(bpy)2(dipy)Cl]+ onto a platinum 
electrode showing the interaction of the pendant nitrogen of the pyridinyl group 
with the electrode surface [From Reference 49, Acevedo, D , Abruna, H D , J
Phys Chem , 1991, 95, 9590]
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The kinetics of adsorption of [Os(bpy)2LCl]+ complexes onto metal electrodes, 
where bpy is 232’-bipyridine and L are bridging ligands of varying lengths, was 
studied by Abruna 51 The adsorption behaviour of these complexes was studied 
as a function of concentration, applied potential and solvent Adsorption of the 
complexes at the electrode surface appeared to be under kinetic control, rather 
than by diffusion of the adsorbates to the electrode surface Higher surface 
coverages of the adsorbates on the electrode surface were observed from aqueous 
deposition solutions of the complexes than from organic solvent solutions This 
was due to solubility differences and competitive adsorption of organic solvent 
molecules at the surface The electrode potential had no appreciable effect on the 
rate of adsorption, however, the surface coverages were affected by the applied 
potential Through these investigations, it has been shown that these pyridinyl 
ligands that contain a pendant nitrogen can strongly adsorb onto metal electrode 
surfaces
S 9In a later study, Campbell and Anson probed whether the pyridinyl pendant 
nitrogen of these ligands was necessary for adsorption onto surfaces This was 
done by examining the factors responsible for the strong adsorption of 
[Os(bpy)2(Cl)L]+ type complexes, where L is l,2-bis(pyridyl)ethane and related 
ligands These complexes adsorbed strongly on graphite electrodes and, with the 
exception of L = pyridine, onto gold electrodes Significantly, the authors found 
that the pendant nitrogen of the ligand was not required for strong adsorption 
The adsorption appeared to be driven by hydrophobic interactions between the 
organic ligands and the electrode surface and between adjacent ligands Specific, 
surface-ligand interactions were also formed when the pendant nitrogen was 
present The dynamics of adsorption and desorption did not fit Langmuirian 
adsorption (i e , no interactions between adjacent adsórbate molecules), although 
the concentration dependence of the adsorption could be fit to a Langmuir 
isotherm It was suggested that the adsorption behaviour of the complexes is due 
to stabilising interactions between adsorbates, through the aromatic rings of the 
ligands This produces a surface phase that equilibrates very slowly with the
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contacting aqueous solution The most striking result of this work was the fact 
that the pendant nitrogen of the bridging ligand was not necessary for strong 
adsorption onto surfaces
1 3 2 2 ELECTRODE SURFACES MODIFIED WITH SOLID FILMS
The monolayers described in the previous section are two-dimensional films and 
can allow important insights into electron transfer in two dimensions However, 
another important area of research is to elucidate how electron transfer occurs 
through solid three-dimensional structures Towards this, crystalline solids 
attached to electrode surfaces can provide important insights While the 
macroscopic structure of these materials is highly disordered, highly ordered 
domains exist withm individual crystals Provided that the depletion layer in 
electrochemical studies of solid crystalline materials remains within individual 
particles, these deposits offer an attractive means to study charge transport though 
ordered three-dimensional domains
The process of mechanical attachment of redox-active solid deposits has gamed 
significant interest since the original work carried out over a decade ago 36 37 A 
novel electrode modification technique was employed involving abrasive transfer 
of the solid material to the electrode surface By simply attaching some of the 
redox-active species directly to the electrode surface by mechanical attachment, 
stable films can be formed The electrode can then be placed m an electrolytic 
medium, in which the solid is insoluble Solid films of this type has been shown 
to exhibit unusually ideal electrochemical responses, reminiscent of solution 
phase responses Previous attempts at immobilising solid materials employed 
immobilisation of the redox species in, for example, graphite powder at the 
electrode surface 53 Using such immobilisation methods, poor electrochemical 
responses were frequently observed, limiting the amount of useful data that could 
be extracted
2 6
Due to the method of attachment, solid films deposited using this method exhibit 
random structural features at the electrode surface Therefore, characterisation of 
the modified surface is essential prior to performing any electrochemical 
investigations In the following section, some of the techniques used to 
characterise modified electrode surfaces are described
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1 3 3 CHARACTERISATION OF MODIFIED ELECTRODE SURFACES
A wide range of instrumental methods is now available for the characterisation of 
the structure of modified electrodes In this section, some of the major techniques 
used for characterisation of modified surfaces are described, including scanning 
electron microscopy, scanning tunnelling microscopy, atomic force microscopy 
and raman spectroscopy
13 3 1 SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy (SEM) has proven extremely useful in the 
characterisation of mechanically attached solid-state films at electrode surfaces 
In an early report on mechanically attached films at electrodes,54 Bond and co­
workers used SEM to characterise the surface of a carbon electrode that had been 
modified with solid layers of frww-[Cr(CO)2(dpe)2]BPH4 and m-Cr(CO)2(dpe)2, 
where dpe = PI12PCH2CH2PPH2 X-ray electron probe analysis was then used to 
determine the extent of ion diffusion into the film Upon oxidation of the solid 
layer, the overall charge of the film will increase In order to maintain 
electroneutrality, counterions from the electrolyte will diffuse into the interior of 
the solid from the solution phase Using a KCIO4 electrolyte, it was found that 
oxidative electrolysis of the film caused the influx of CIO4 into the film The X- 
ray electron probe microanalysis data obtained are illustrated in Figure 1 6  
Figure 1 6 a illustrates the response obtained for a solid film of cw-Cr(CO)2(dpe)2 
prior to oxidative electrolysis This illustrates the presence of chromium and 
phosphorous in the theoretically expected ratio of 1 4 Figure 1 6 b illustrates the 
electron probe analysis of the sample depicted in Figure 1 6 a, but after oxidative 
electrolysis of the film This response was observed whether NaC1 0 4  or KCIO4 
was used as the supporting electrolyte This clearly indicates the presence of Cl 
m the film after electrolysis X-ray electron probe microanalysis is sensitive to K+ 
and the absence of any K+ in Figure 1 6 b suggests that K+ is not transferred into 
the solid either as ion-paired KC104 or as desolvated K+ Therefore, these results
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indicate that the counterion alone is transported into the film to maintain 
electroneutrality
Forster has demonstrated the ability of SEM to characterise electrode surfaces 
modified with solid films of osmium polypyndyl complexes 55 The redox 
behaviour and structural changes that accompanied redox cycling of solid films of 
[Os(bpy)2 4-tet CIKCIO4) have been studied, where 4-tet is 3,6-bis(4-pyridyl)- 
1,2,4,5-tetrazme The structure of this complex is shown in Figure 1 7
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Figure 1 6  X-ray electron probe microanalysis data obtained for solid films of 
cis -Cr(CO)2(dpe) 2 mechanically attached to a pyrolytic graphite electrode 
surface (a) Before electrolysis showing detection of Cr and P, (b) after 
electrolysis in NaC104, showing detection of Cr, P and Cl, but no K, (c) a for (b) 
but for a bare graphite part of the electrode, showing absence of Cr, P, Cl and K 
[From Reference 54, Bond, A M , Colton, R , Daniels, F , Fernando, D R , 
Marken, F , Nagaosa, Y , Van Stevemnck, R F M , Walter, J N , J  Am Chem 
Soc, 1993,115,9556]
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Figure 1 7 Structure of [Os(bpy)2  4-tet C1](C104) bpy is 2,2,-bipyndyl and 4- 
tet is 3s6-bis(4-pyndyl)-l52J4J5-tetrazine, reported by Forster55
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Using SEM, it was shown that cycling in perchlorate solution caused the films to 
become more homogenous and to crystallise The structural changes that 
accompanied cycling m both perchloric acid and sodium perchlorate are shown in 
Figure 1 8  Electrocrystallisation is not observed in the acidic solution, 
presumably because of electrostatic repulsion within the solid caused by 
protonation of the 4-tet ligand
In a subsequent publication, 56 Forster and Keyes described the 
électrocrystallisation of solid films of [Os(bpy)2 4-bpt C1](C1C>4 )5 mechanically 
attached to platinum microelectrodes, observed using SEM 4-bpt is 3,5- 
bis(pyndin-4-yl)-l,2,4,-tnazole Repetitive cycling of the films caused 
électrocrystallisation of the microscopically small particles, forming a plate-like 
semi-crystalline form Electrocrystallisation was found to occur only in HCIO4 
solution and not in L1CIO4 The authors proposed that protonation of the 4-bpt 
ligand, that causes an increase of the overall charge on the complex to 1+ in the 
reduced state and 2 + in the oxidised state, results in co-existence of the 1+ and 2 + 
states in acidic media favoured électrocrystallisation However, unlike their 
previous report on the electroocrystallisation of [Os(bpy)2 4-tet CIXCIO4 ) ,55 
evidence of protonation of the 4-bpt ligand was not provided in this report and the 
pKa of the 4-bpt ligand may lie outside the pH range used in this study In this 
case, électrocrystallisation may not be linked directly to protonation of the 
bridging ligand
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Figure 1 8 Effect of redox cycling on solid films of [Os(bpy)2 4-tet C1](C1C>4) 
The top image is the film after deposition The middle and bottom frame are after 
cycling mO 1 M NaC1 0 4  and 0 1 M HCIO4 respectively between -0  2 and +0 8 V 
vs SCE [From Reference 55, Forster, R J , Keyes, T E , Bond, A M , J  Phys 
Chem, B, 2000,104, 6839]
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1 3 3 2 SCANNING TUNNELLING MICROSCOPY
Developed in 19 82,57 scanning tunnelling microscopy (STM) has become an 
extremely valuable tool for the characterisation of electrode surfaces modified 
with monolayers The sub-angstrom resolution of the method means that direct 
imaging of adsorbates at electrode surfaces may be possible Along with the more 
recently introduced electrochemical STM (ECSTM), STM and ECSTM have been 
widely used for the characterisation of monolayer-modified electrode 
surfaces 58 59 60 61
Hudson and Abruña have used electrochemical STM to monitor the coverage and 
the structure of monolayers of [Os(bpy)2(dipy)Cl]PF6 adsorbed onto a platinum 
(111) substrate 62 bpy is 2,2’-bipyndine and dipy is trimethylene-4,4,-bipyridine 
During the initial stages of adsorption, the image obtained was essentially the 
same as that for the clean platinum surface (Figure 1 9 A) However, the 
voltammetnc response obtained indicated the presence of the adsorbed species on 
the surface An increased voltammetnc response indicated an increased coverage 
of the adsórbate on the surface and as this was observed small, high contrast 
regions were observed in the image (Figure 1 9 C) These regions were attributed 
to clusters of highly mobile adsórbate on the sample surface At coverages of 
about two-thirds of a monolayer these regions dominated the image (Figure 1 9 
D) At this coverage, pits and pinhole defects were observed in the structure, 
however, at full surface coverage, the monolayer was found to be free of large 
defects (Figure 1 9 E) Significantly, it was noted that the STM images alone 
were not sufficient evidence for coverage of the platinum by a monolayer of the 
complex This is due to the inability of STM to provide any chemical information 
about the surface under study When considered m conjunction with the 
electrochemical evidence however, it is clear that the surface was covered by a 
monolayer of the adsorbates
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Figure 1 9 ECSTM images of a PT (111) surface at different stages during the 
deposition of a monolayer of [Os(bpy)2(dipy)Cl]PF6 from a 0 1 M KCIO4 
electrolyte solution The cyclic voltammograms were obtained immediately after 
withdrawing the tip from the surface The electrochemically determined surface 
coverages are (A) 0%, (B) 25%, (C) 49%, (D) 66%, and (E) 100% The tip bias 
used for imaging was 50 mV and the tunnelling current was 2 5 nA The scan rate 
was 8 3 Hz [From reference 62, Hudson, J E , Abruna, H D  , J  Phys Chem , 
1996,100, 1036]
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Images of this monolayer m air were also described by the authors Upon drying, 
the monolayers of [Os(bpy)2(dipy)Cl]PF6 crystallise to form two-dimensional 
crystals Molecularly resolved images of the crystals were obtained showing 
molecular scale features m a rectangular close-packed array (Figure 1 10) The 
molecular corrugation was found to be small (1-2 Á) when compared to the radius 
of the head group of the adsórbate (5-6 Á) This may have been because the head 
group only contributed a fraction of the total tunnelling current Tunnelling 
directly to the platinum surface may have been a major contributory factor to the 
overall current Assuming that each feature in Figure 1 10 was due to one
i A n
adsórbate head group a surface coverage of 2 3 x 10 mol cm was calculated, 
significantly higher than the electrochemically determined surface coverage of
10 9complexes of this type (1 1 x 10 mol cm ) Using molecular modelling 
calculations, the authors obtained excellent fits of the modelled data with the 
experimental data The molecular modelling data used a space-filling 
representations of the head groups, assuming that the head groups align along the 
dipole of the osmium-chlorine bonds These results suggest that, when in contact 
with electrolyte solution, the monolayer is less ordered due to the dynamic nature 
of the monolayer and the presence of solvent molecules
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Figure 1 10 Molecularly resolved STM image of a monolayer of 
[Os(bpy)2(dipy)Cl]PF6 on a Pt (111) surface Region (A) is Fourier filtered and 
region (B) is unfiltered The tip bias used was 100 mV producing a tunnelling 
current of 500 pA The scan rate was 20 Hz [From reference 62, Hudson, J E , 
Abruna, H D 3J  Phys Chem , 1996,100, 1036]
13 3 3 ATOMIC FORCE MICROSCOPY
63 'Atomic force microscopy (AFM) was developed as an alternative to STM, 
primarily due to the inability of STM to image non-conducting surfaces 64 The 
ability to provide topographical details about non-conducting surfaces immensely 
broadened the range of surfaces that could be imaged by scanning probe 
microscopy As a further development of AFM, tapping mode AFM has been 
developed in which a stiff cantilever is oscillated at its resonance frequency with a 
small amplitude ( - 0  5 nm) Interactions of the tip with the surface cause a shift 
m the frequency of oscillation of the cantilever Piezoelectric drives are then used 
to control the z-position of the cantilever, maintaining the oscillation frequency at 
a predetermined value The displacement of the tip provides topographical 
information about the surface Due to the reduced interactions of the tapping 
mode AFM tip with the surface, when compared to traditional contact mode 
AFM, tapping mode AFM can be used for the characterisation of soft surfaces 
This application has been exploited for the characterisation of monolayer- 
modified electrodes
There are numerous reports of the use of AFM for the study of self-assembled 
monolayers on surfaces in the literature 63 66 67 AFM can been used to provide 
information regarding the dynamics of adsorption on surfaces For example, 
Crooks has used tapping mode AFM to image the phase segregation of 
dendnmer/alkylthiol mixed monolayers68 The use of a mixed 
dendnmer/alkylthiol monolayer illustrated that although chemical identification 
of individual adsorbates is impossible using the AFM, large domains of different 
adsorbates can be identified The effect of parameters such as dendrimer size, 
solvent and alkylthiol chain length were successfully investigated using the AFM
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1 3 3 4 RAMAN SPECTROSCOPY
Spectroscopy can play an important role in the characterisation of modified 
electrode surfaces Raman spectroscopy has been shown to provide very useful 
information modified electrode surfaces and insights into the structure of surface- 
immobilised assemblies can be obtained The area of modified surface 
characterisation may be particularly suited to raman spectroscopy due to the 
phenomenon of surface enhanced raman spectroscopy (SERS) Upon adsorption 
onto surfaces, raman signals can be enhanced by many orders of magnitude It is 
thought that the increase in the electric field experienced by the molecule due to 
interaction with surface plasmon waves can increase the raman signal Also, 
electronic transitions between the metal surface and the adsorbed species can 
cause charge transfer enhancements of the signal In both mechanisms, 
microscopic roughening of the surface is critical SERS spectra of adsorbed 
monolayers are extremely useful as the surface enhancement effect is maximised 
However, SERS is not only applicable to monolayer applications as it may 
operate at distances up to tens of nanometers SERS can provide an insight into 
the structure of films at electrode surfaces For example, the packing density and 
the adsórbate orientation may be probed using SERS
Kudelski recently demonstrated the usefulness of SERS in characterising 
structural changes that can accompany protonation of monolayers of 3- 
mercaptopropionic acid (MPA)69 Monolayers of MPA were formed at 
roughened silver surfaces and the structural changes that occurred during 
adsorption and desorption of the monolayers were studied During self-assembly 
of the monolayer the portion of a trans conformer of MPA at the surface was 
found to increase and a large portion of the COO groups of MPA were found to 
be protonated Desorption of the monolayers was accompanied by deprotonation 
of the COOH groups of the adsorbed MPA and this was observed as an increase 
in the intensity of the band associated with a vibration of dissociated COO
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groups This was found to occur much slower and a reversal of the processes 
observed during adsorption were observed
Corio and co-workers recently demonstrated the use of potential dependent SERS 
m the elucidation of the adsorption processes of monolayers of the 
[Ru(CN)s(pyS)]4 ion complex 70 This complex is interesting, in that it can adsorb 
at metallic surfaces either via a CN ligand or the pyS (4-mercaptopyridine) 
Enhancement of the CN signal in the SERS spectra on gold surfaces indicated that 
adsorption occurs mainly through the CN group on gold On a silver surface, it 
was shown that the pyS signal was enhanced over the CN signal, indicating 
adsorption through the pyS moieties On copper, it was found that both signals 
were enhanced to the same extent, suggesting interactions of both ligands with the 
surface By controlling the potential of the surface during adsorption, it was 
shown that it was possible to choose between the different adsorption sites, thus 
controlling the properties of the interface The modified electrodes were used to 
examine the electrochemical response of cytochrome c When the complex was 
adsorbed through the CN ligands, an electrochemical response for the cytochrome 
c was not observed However, when adsorbed through the pyS moiety, a 
reversible response for cytochrome c (corresponding to the Fe(II)/Fe(III) process) 
was observed These studies indicated that effective interaction between the 
modifier and the protein could only occur through the CN ligands
Potential controlled SERS of solid films has also been reported by Forster,55 
illustrating the effectiveness of the technique for structures thicker than 
monolayers As discussed above, maximum surface enhancement can be 
achieved in monolayer assemblies, although SERS can operate at distances up to 
tens of nanometers Mechanically attached, solid state films of [Os(bpy)2-4-tet- 
CIKCIO4) were formed at platinum electrodes and the structural changes that 
accompanied redox switching of the film were monitored The potential 
controlled raman spectra obtained at gold disk electrodes are illustrated in Figure 
1 11 The exciting laser wavelength was pre-resonant with the Os(II)-bpy 71*
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MLCT transition and the features present due to the bpy moieties (1604, 1550, 
1480, 1320, 1268, 1167 and 1015 c m 1) were enhanced The feature at 
373 cm 1 is due to the Os-N stretch Intense features due to surface enhanced 
transitions of the 4-tet ligand were observed at 811 and 934 cm 1 By switching 
the potential from -0 2 to +0 4 V vs SCE, it was possible to examine the effects of 
oxidising the metal centre Upon oxidation, the Os(II)-N signal is lost, consistent 
with metal oxidation Oxidation results m a loss of MLCT transitions, however, 
after oxidation the bpy bands are still observed This is because the exciting laser 
becomes pre-resonant with the ligand to metal charge transfer (LMCT) transition
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Figure 111 Raman spectra obtained for solid state films of [Os(bpy)2 4-tet Cl], 
before and after oxidation of the osmium redox centre (a) -0  2 V in 0 1 M 
NaC104, (b) 0 4 V in 0 1 M NaC104, (c) - 0  2 V m 0 1 M HC104 and (d) 0  4 V in 
0 1 M HCIO4 All potentials are versus the saturated calomel electrode and the 
wavelength of the exciting He-Ne laser is 632 8  nm [From Reference 55, 
Forster, R J , Keyes, T E , Bond, A M , J  Phys Chem , 2000, 6839]
1 3 4 ELECTROCHEMISTRY OF REDOX-ACTIVE FILMS
13 4 1 INTRODUCTION
In the preceding sections, the formation and characterisation of electrode surfaces 
modified with monolayers and solid films of redox-active materials have been 
discussed The studies can provide important information regarding the structure 
and orientation of molecular species at electrode surfaces However, m order to 
extract information about the dynamics of electron transfer across the 
film/electrode interface or through solids, electrochemical techniques are used In 
the following sections, the electrochemical responses of ideal redox-active 
monolayers and solid-state films are discussed These descriptions should 
provide an insight into some of the parameters of importance, when undertaking a 
study of electron transfer reactions
1 3 4 2 ELECTROCHEMICAL RESPONSE OF IDEAL REDOX-ACTIVE 
MONOLAYERS
In the study of the properties of an ideal adsorbed monolayer, it is assumed that 
the redox couple is adsorbed on the electrode surface and is not present in 
solution, or its solution concentration is sufficiently low that its contribution to the 
Faradaic current is negligible Also, it is assumed that all adsorption sites on the 
electrode surface are equal and that both the oxidised and reduced forms of the 
redox couple occupy equal areas on the surface It must also be assumed that 
adsorption and desorption are rapid and do not influence the kinetics of the 
electrochemical process The free energy of adsorption and maximum surface 
coverage is assumed to be independent of the applied potential The entire 
potential drop must occur at the electrode surface and there must be no lateral 
interaction between adjacent adsorbates
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1 3 42 1 CYCLIC VOLTAMMETRY
In cyclic voltammetry (CV), the current response of a stationary electrode in an 
unstirred solution as a function of a triangular potential waveform is monitored 
The current-potential curve obtained from a cyclic voltammetry experiment of an 
ideal, surface confined electroactive species under finite diffusion conditions is 
shown in Figure 1 12 In this voltammogram, the dynamics of heterogenous 
electron transfer across the electrode/monolayer interface do not influence the 
observed response In contrast to redox species m solution, which show 
diffusional tailing in the CV response, the waves observed for a surface confined 
species are gaussian in shape The reduction wave is a mirror image of the 
oxidation wave when viewed across the potential axis The peak current, ip, is 
given by
■ p = w ,A r - ( i2 7 >
where n is the number of electrons transferred in the reaction, F is Faradays 
constant, R is the gas constant, T is the temperature, v is the scan rate, A is the 
electrode area and F0 is the coverage of electroactive species Other parameters 
are listed in Figure 1 12 From Equation 1 27, for a surface confined species, ip is 
proportional to the scan rate, rather than the v 1/2 dependence observed for a freely 
diffusing species The area under the reduction wave, when corrected for any 
background current, represents the charge injected, Qc, for the full reduction of 
the monolayer according to
Qc = nFAf0 (128)
and for an ideal monolayer of an electroactive species is equal to the charge 
ejected upon oxidation of the monolayer, Qa
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For an ideal monolayer, under Langmuir isotherm conditions (1 e , no interactions
between adjacent adsorbates), Epa = Epc and the full width at half maximum 
(fwhm) of either the reduction or oxidation wave is given by
The formal potential, E0’, defined as (Epa + EPjC)/2, contains extremely useful 
information about the ease of oxidation of redox species within the monolayer A 
shift of E0’ to more positive potentials upon immobilisation withm a monolayer 
indicates that it becomes thermodynamically more difficult to oxidise the species, 
suggesting a lower electron density on the redox centre
E0’ can also provide useful information about the movement of charge 
compensating ions into and out of the monolayer E0’ typically shifts in a 
negative potential direction with increasing electrolyte concentration This shift 
can be described by the Nernst equation, 1 e 59/n mV per decade change in the 
electrolyte ion concentration Ion pairing between redox centres and specific ions 
from solution can influence the observed response This is described by Equation
fwhm = 3 5 3 ^ -  = 
nF
R I =  9 0 6 mV (1 29)
 n
1 30
(M)+ e +  p  <=> ( m ) 2 +
C+P
(1 30)
wheie M is the redox centre and X is the counterion
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Figure 1 12 Experimental quantities of interest in a cyclic voltammogram for 
an ideal surface-confined redox active species E = potential, 1 = current, Q = 
charge passed, a = anodic, c = cathodic, fwhm = full width at half the maximum 
peak height, cap = capacitive
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The fwhm value may deviate from the ideal value of 90 6/n mV due to 
mtermolecular interactions and double layer effects A distribution of E0’ values 
within the monolayer can also contribute to non-ideal fwhm values A 
disorganised structure within the monolayer or variations in the electrostatic 
potential around each redox centre may contribute to the observed behaviour A 
non-zero AEP value can indicate mtermolecular interactions or structural changes 
within the monolayer upon redox switching of the layer
13 4 2 2 CHRONOAMPEROMETRY
After a potential step, charging current, ic, will flow at the working electrode 
according to 71
ic (t) = M exp( ^ )  (131)
where AE is the magnitude of the potential step, R is the cell resistance and C is 
the total interfacial capacitance A semi-log plot of these transients should be 
linear and the slope of the plot provides the RC cell time constant For an ideal,
reversible, one electron transfer reaction involving a Langmuirian redox active
film (i e , there are no interactions between adjacent adsorbates) adsorbed on an 
electrode surface the Faradaic response observed following a potential step 
follows a simple exponential decay according to
i(t) = kQexp(-kt) (1 32)
where k is the apparent rate constant for a given overpotential and Q is the total 
charge passed in the redox reaction After decay of the double layer charging 
current, a plot of In i(t) versus / is linear and the slope is determined by the rate 
constant of the reaction
47
1 3 4 3 ELECTROCHEMICAL RESPONSE OF REDOX-ACTIVE SOLID 
FILMS
The electrochemical behaviour of redox-active solid films consists of both a 
heterogeneous electron transfer process across the electrode/film interface, as well 
as, a homogenous charge transport process within the solid layer As no long- 
range of the redox-species can occur m solid layers of redox species, charge 
transport through the solid must occur by electron self-exchange (electron 
hopping) between adjacent redox moieties Through electron hopping reactions, 
electrons are shuttled from the electrode to redox species that are located away 
from the electrode surface This process must be accompanied by counterion 
movement into and out of the film as the redox composition is changed
13 4 3 1 CYCLIC VOLTAMMETRY
The electrochemical behaviour of redox-active, solid-state films is similar to that 
observed for a solution-phase species under semi-infinite diffusion conditions, 
provided that the depletion layer remains inside the layer, and that ohmic and 
migration effects are absent (Figure 1 13) Under these conditions, diffusional 
peak tailing occurs and a o dependence on peak current is observed, rather than 
the o dependence observed for the surface-confined species described above 
Under these conditions, the peak-to-peak separation is given by
The diffusion of electrons through the solid can be described by the Dahms-Ruff 
equation as follows
AEP -  57/n mV (at 25°C) (1 33)
Dct ~ Dphys + k§2Ceffb (134)
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where D c t  is the charge transfer diffusion coefficient, D Phys is the physical 
diffusion coefficient, k is the second order rate constant for the reaction, 5 is the 
distance between the redox species, Ceff is the effective concentration of the 
species and b is a constant (usually a value of 1/6 is used for three-dimensional 
diffusion) Estimates of D c t  can be obtained by using the Randles-Sev9 ik 
equation
ip = 2 69 x 105 n3/2 A DC11/2 Ceffu 1/2 (1 35)
This equation is routinely used for measurement of D c t  values using cyclic 
voltammetry at relatively high scan rates (typically > 5 0  mV s l) Although 
charge transport within solid films occurs by successive electron self-exchange 
reactions between adjacent redox sites, this may not be rate limiting As the 
charge on the redox centres change during electron hopping, counterion migration 
must also occur to maintain electroneutrality The rate limiting process can be 
either electron self-exchange between redox sites or counterion migration 
throughout the solid Rapid electron diffusion is promoted at high concentrations 
of the redox sites due to the close proximity of adjacent redox sites However, 
sluggish migration of counterions through the film may cause ion migration to be 
the rate limiting step In films where the free volume is high, rapid ion diffusion 
through the solid occurs and electron transfer may be the rate limiting step
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Figure 1 13 Ideal cyclic voltammogram response of an solid film of a redox 
species at an electrode surface ip is the peak current, Ep a and Ep c are the anodic 
and cathodic peak potentials respectively and AEP is the peak-to-peak separation
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14 BRIDGE EFFECTS IN BRIDGE MEDIATED ELECTRON 
TRANSFER
In this work, the effects of bridge structure on the rate of heterogeneous electron 
transfer across the electrode/monolayer interface are studied in detail The 
intervening bridge between an electron donor and acceptor moiety is extremely 
important For example, if an electroactive bridge is used between the donor and 
acceptor moieties, there is the possibility of achieving significant virtual coupling 
(superexchange)72 This effect is described m detail later Therefore, the 
structure of the bridge can have a drastic effect on the rate of electron transfer In 
the following sections, the effects of parameters such as distance, structure and 
bonding on the rate of electron transfer across molecular bridges are discussed 
This may provide an insight into some of the approaches that have been taken 
towards modulating the rate of electron transfer across bridges
1 4 1 DISTANCE DEPENDENCE OF ELECTRON TRANSFER
The bridge or spacer between electron donor and acceptor pairs has a crucially
?
important role in determining the rate of electron transfer between the donor and 
acceptor As described in the previous sections, |H a b I, the electronic coupling 
matrix between the oxidised and reduced species has a vital role in dictating 
electron transfer rates |H a b I decreases with increasing distance between electron 
donor and acceptor states The decay of |H a b | can be represented by Equation
where Hab is the coupling matrix between oxidised and reduced species at Van 
der Waals distance, d is the centre to centre distance between the donor and 
acceptor p is the tunnelling parameter, a constant that depends on the height of
1 36
(1 36)
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the energy barrier and nature of the medium between the donor and acceptor 
states
|H a b | has been shown to decay exponentially with increasing distance between 
donor and acceptor moieties The distance dependence of electron transfer, 
therefore follows an exponential relationship as shown in Equation 1 37
ket= exp(-pd) (137)
As discussed in Section 12 11, monolayers of electroactive species adsorbed at 
electrode surfaces have been used extensively to illustrate the exponential decay 
of the electron transfer rate with increasing distance Typically, a plot of the 
electron transfer rate constant versus the number of repeating units in the bridging 
ligand (e g methylene units in an alkane chain) is linear 73 p can be determined 
from plots of k° versus the number of repeating units in the bridge and for 
alkanethiol systems is in the range 10-11 A 1 The p value for electron 
tunnelling through a vacuum is -3 A 1 74 The difference between these values 
represents the contribution of the molecular bridge to electron tunnelling
1 4 2  MECHANISMS OF BRIDGE MEDIATED ELECTRON 
TRANSFER
Electron transfer between donor and acceptor pairs can occur by a number of 
different mechanisms depending on the distance between the donor and acceptor 
and the nature of the intervening bridge At sufficiently short distances, electron 
transfer occurs by simple electron or hole transfers Bridge mediated electron 
transfer occurs when the donor and acceptor are separated by a long distance and 
can occur by either a hopping or a superexchange mechanism Electronic 
hopping along the bridge occurs when the bridge electronic states are resonant 
with the donor states The electron actually occupies the electronic levels of the
52
bridge and hops sequentially along the bridge to the acceptor moiety This is 
illustrated in Figure 1 14
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(b)
Bridge = =
A
Figure 1 14 Mechanisms of bridge mediated electron transfer 
(a) Superexchange occurs when the bridge and donor levels are off resonance and 
is a single step process (b) Electron hopping occurs when the bridge levels are 
close in energy to that of the donor
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Superexchange mechanisms73 occur when the bridge electronic levels and the 
donor levels are not resonant with each other (Figure 114 a) In this case, the 
bridge acts to extend the wave functions of the donor and acceptor High energy 
virtual electron and hole (absence of an electron) states are created within the 
bridge and the electron transfer occurs in one step Electron transfer via 
superexchange may be the dominant mechanism if the LUMO of the bridge is 
similar in energy to the acceptor states of the remote redox centre This pathway 
predominates because the closeness of the bridge and redox centre energies acts to 
reduce the activation barrier to electron tunnelling In contrast, if the Osd*- 
HOMO separation is relatively smaller, then HOMO mediated hole transfer will 
contribute significantly to the redox switching mechanism Forster has probed 
how the proximity of the bridge energy levels to the formal potential of adsorbed 
redox centres within osmium polypyndyl monolayers can affect the electron 
tunnelling pathway76 This system consisted of dense monolayers of 
[Os(bpy)2py(p3p)]2+, where bpy is 2,2’-bipyridyl, py is pyridine and p3p is 4,4’- 
tnmethylenedipyndine The formal potential of the redox centre and the bridging 
ligand were separated by at least 2 0 V, whereas the bpy based reduction 
potentials were within 0 3 V of the half-wave potential for the uncomplexed 
bridging ligand The electronic transmission coefficient, Kei, describing the 
probability of electron transfer once the nuclear transition state has been achieved, 
was considerably less than unity for the metal based redox process and two ligand 
based reductions However, Kei was larger for the two bipyridyl based reductions 
(2 4±0 9 x 10 5) than for the metal based reaction (1 5±0 7 x 10 6) Measurement 
of the potential dependence of the heterogeneous electron transfer rate suggested 
that for the ligand based reductions electron transfer occurred via a through-bond 
tunnelling mechanism, whereas electron transfer to the metal centre occurred via a 
through-space tunnelling mechanism This was consistent with superexchange 
being important only for the ligand based reactions where the redox potentials of 
the acceptor states and the bridge were similar The disparity between the metal 
centre energy levels and the bridging ligand meant that superexchange did not 
contribute significantly to the electron transfer reaction
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This example illustrates the effect that achieving resonance can have on the rate 
of electron transfer when electron transfer occurs via a superexchange 
mechanism In this system, electron transfer to the ligands appears to occur via an 
electron superexchange mechanism as the energy of the LUMO of the bridge is in 
close proximity to the bridging ligand levels
Therefore, if it is possible to tune the energy of the bridging ligand externally, it 
may be possible to tune the energy gap between the donor/acceptor moieties and 
the bridge, thereby allowing control over the rate of heterogeneous electron 
transfer It is this concept that is one of the mam objectives of this work In the 
following sections, some approaches that have already been taken to modulating 
the rate of heterogeneous electron transfer are described
1 4 3  EFFECT OF BRIDGE CONJUGATION ON ELECTRON 
TRANSFER
The production of “molecular wires” that support rapid heterogeneous electron 
transfer between a remote redox centre and a metal surface is crucial to areas such 
as molecular electronics In an effort to develop such systems, several studies 
into the effects of conjugation of the intervening bridge between donor and 
acceptor have been undertaken For example, Chidsey recently studied the 
effects of conjugation on the heterogeneous electron transfer dynamics of a series 
of ferrocene-terminated oligo(phenylenevmylene) methyl thiols attached to gold
77 78electrodes The oligomers were composed of coplanar phenyl groups linked 
by vmylene bonds, which imparted a high degree of rigidity to the bridge 
Oligomers were synthesised containing from 1 to 5 repeating units and for all 
bridges the standard heterogenous electron transfer rate constant exceeded 105 s 1 
For comparison, k° for an analogous bridge containing an ethynyl group in place 
of the vinyl group, containing 4 repeat units was reported to be 6 x 104 s 15 
approximately 50 times smaller The difference was because of an increase in the 
7t-conjugation of the bridge in the oligophenylenevmylene, due to the higher
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rigidity of the oligophenylenevinylene bridge A higher degree of flexibility in 
the oligo(phenylene-ethynylene) bridges allowed rotation of the phenyl rings 
around the ethynylene bonds, reducing the conjugation of the n system 
Significantly, the prefactor (Aet) for electron transfer through these 
oligo(phenylenevmylene) bridges was found to be independent of bridge length 
for lengths up to 28 A The electronic coupling between the donor and acceptor 
moieties in these complexes was strong enough to allow electron tunnelling occur 
so rapidly that it did not limit the rate of electron transfer Instead, it was 
suggested that the electron transfer was rate limited by reorganisation of the redox 
species
Creager and co-workers described the rates of electron transfer across 
oligo(phenylethynyl) bridges and compared these rates with those obtained for
7Q
related monolayers incorporating an aliphatic bridge The bridges used in this 
study were highly conjugated and a (3 value of 0 36 A 1 was much lower than the 
typical value of -1 0 A 1 for alkanethiol monolayers A low distance dependence 
of the conjugated system is thought to be due to the extended nature of the 
electronic orbitals, as compared to aliphatic bridges m which the orbitals are 
generally localised to small numbers of atoms Similar to the previous examples
77 7Rof conjugated bridging ligands, high rates of electron transfer were observed 
for this system (k° was 5 x 105 s *) for the shortest bridge The rate constant 
extrapolated from plots of k° versus electron transfer distance was found to be the
o
same for monolayers containing both conjugated and aliphatic bridges (~6 6 x 1 0  
s !) This value corresponds to the adiabatic limit, in which nuclear motion 
governs the rate of electron transfer and not the extent of electronic coupling 
According to Marcus theory (Section 1 1 3), adiabatic reactions occur when Kei, 
the electronic transmission coefficient, is close to unity At zero separation 
between donor and acceptor moieties, the probability of electron transfer 
occurring once the transition state has been achieved is at a maximum The rate 
of electron transfer then becomes
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k° = onexp(-AG*/RT) (138)
Therefore, the maximum reaction rate observed was governed solely by the 
nuclear frequency factor
The standard heterogenous electron transfer rate constants determined for osmium 
polypyndyl complexes that were bound to electrode surfaces via trans-l,2-bis(4- 
pyndyl)ethylene and l,2-bis(4-pyridyl)ethane bridges were examined by 
Forster80 Modelling the cyclic voltammetnc response of the monolayers using a 
model describing electron tunnelling through space, assembled by Finklea and 
Henshaw,22 indicated that the k° value obtained for the conjugated bridge 
(9 4 x 103 s *) was 30 times smaller than that found for the aliphatic bridge 
(30 5 x 104 s 1) The decreased rate constant was observed because the free 
energy of activation, AG*, was found to be larger (114 ± 08 kJ mol *) for the 
conjugated bridge than for the non-conjugated bridge (8 7 ± 1 2 kJ m oll) The 
electron transfer rate, k°, depends on both a frequency factor and Franck-Condon 
barrier according to
k° = Aetexp(-AG*/RT) (1 39)
where Aet is the pre-exponential factor (equal to the product of Kei the electronic 
transmission coefficient and vn the nuclear frequency factor) Using the k° and 
AG* values given above yields a pre-exponential factor of 11 1 ± 0 5 x 106 s 1 for 
the non-conjugated bridge, that is approximately an order of magnitude higher 
than that found for the conjugated bridge (0 9 ± 0 3 x 106 s l) This indicates that 
the degree of electronic coupling between the osmium centre and the electrode 
was higher when bridged via the non-conjugated bridge
This is a surprising result, considering that increased bridge conjugation usually 
results in increased rates of electron transfer However, as these values were
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determined using a through space tunnelling model, this indicates that the non- 
conjugated bridge may be flexible enough to allow the Os2+/3+ redox centre to 
approach the electrode surface closer than the rigid conjugated bridge will allow, 
resulting m an increased rate of electron transfer Therefore, this increase in the 
rate of heterogeneous electron transfer is due to the enhanced proximity of the 
redox centre to the electrode, rather than due to a direct bridge structure effect
1 4 4  CHEMICAL CONTROL OF HETEROGENEOUS ELECTRON 
TRANSFER
By chemically modifying the structure of a molecular bridge between a remote 
redox centre and an electrode surface, it may be possible to exert control over the 
rate of heterogeneous electron transfer The effect of chemically modifying the 
intervening bridge between an electrode and a remote redox centre has been
o f
examined by Cheng and co-workers A series of oo-hydroxyalkanethiol 
monolayers were formed at gold electrodes and the rate of electron transfer across 
the bridge between the electrode and Fe(CN)6 and Os(bpy)3 in solution was 
measured Modification of the alkyl segment of the bridge by the insertion of 
single ether, olefin and alkyne moieties was found to affect the strength of 
electronic coupling across the bridge, resulting m reduced rates of heterogenous 
electron transfer The electronic coupling was found to be highest in the 
unmodified co-hydroxyalkanethiol bridge, then reduced by 33 % upon 
introduction of an ether group, reduced by 65 % upon insertion of an olefin group 
and reduced by 62 % upon introduction of an alkyne group The decrease in the 
electronic coupling across was interpreted in terms of a disruption of the 
electronic coupling across the hydrocarbon bridge The coupling in bridges of 
this type is thought to be dominated by the overlap of and energy matching of the 
orbitals of the nearest neighbour atoms 82 83 The introduction of the modification 
interrupts these interactions, reducing the strength of coupling
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The effect o f  replacing methylene groups o f  an alkanethiolate monolayer w ith  
carboxamide linkages has been reported by Creager and co-workers 13 The rates 
o f electron transfer across unm odified ferrocene-terminated monolayers was 
compared w ith  those m which the methylene units adjacent to the ferrocene were 
replaced by a carboxamide group The rates o f  electron transfer were practically 
the same fo r each type o f monolayer when the number o f  bonds between the 
ferrocene and the electrode was the same This suggested that the contribution to 
the overall electronic coupling across the bridge from  the carboxamide group was 
essentially the same as that from  the methylene units
The authors described an “ even-odd”  effect on the rates o f  electron transfer I f  
the number o f  methylene units in  the bridges o f  the m odified bridges was odd the 
rates o f  electron transfer were consistently higher than those observed fo r 
monolayers containing an even number o f  methylene units Conversely, fo r the 
unm odified monolayers, the rates were higher when the bridges contained an even 
number o f  methylene units A  number o f  reasons fo r this were proposed Firstly, 
conformational variations in  the redox group depending on whether the alkane 
chain had an odd or even number o f bonds were proposed These subtle 
variations in  the conformation o f  the redox active group could result in variations 
in  the electronic coupling across the monolayer Secondly, it  was proposed that 
the “ even-odd”  effect may have been due to a quantum interference effect, that 
results from  taking a linear com bination o f the powers o f  the positive and 
negative eigenvalues corresponding to the various electronic states on the bridge 
This effect can result in  weakened electronic coupling across the bridge
Sek and B ilew icz  recently reported on the effects o f  m od ifica tion  o f  an 
alkanethiolate monolayer by introduction o f  amide bonds m place o f  methylene 
bonds 84 Three monolayer structures were used in  this study U nm odified  
octadecanethiol monolayers, monolayers where one o f  the methylene bonds was 
replaced by an amide bond and monolayers where two o f the methylene bonds 
were replaced by amide bonds In the case o f the monolayers containing one
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amide bond, the rate o f  electron transfer across the monolayer was approximately 
5 times that observed for the unm odified alkanethiol monolayer This increase 
was attributed to the ab ility  o f the amide bonds to form  an internal hydrogen- 
bonded network w ith in  the monolayer, thereby increasing the electronic coupling 
across the monolayer In the case o f  the monolayers that contained tw o amide 
bonds it was expected that a further increase in  the electron transfer rate w ould be 
observed due to the presence o f two planes o f  the hydrogen bonded network The 
electron transfer rate observed in  this case was, however, roughly 5 5 times that o f  
the unm odified monolayers This was explained as being due to an “ even-odd”  
effect w ith in  the monolayer I f  the number o f  methylene units separating the 
amide linkages was odd, a different orientation o f  the external amide bonds when 
compared w ith  the internal bonds This caused a d iffic u lty  in  form ing the 
hydrogen bonded network It was also noted that the position o f the amide bonds 
w ith  respect to the electrode surface could affect the electronic coupling across 
the monolayer I f  the amide plane was too far from  the electrode surface, the 
effic iency o f  the overlap between the metal and monolayer orbitals was reduced 
and the hydrogen bond may not contribute to the electron transfer effic iency
14  41 EFFECT OF BRIDGE CONFORMATION
The effect o f  ring conform ation in  substituted alkanethiolate monolayers has been 
studied by Sumner and Creager ^  Ferrocene-terminated alkanethiolate 
monolayers were prepared that were unique in  that they included a phenyl ring 
attached d irectly to one o f  the cyclopentadiene rings o f  ferrocene In this work, 
two d ifferent isomers were used, one in  w hich the phenyl ring was substituted at 
the 1 and 4 positions and one in  which the phenyl ring was substituted at the 1 and 
3 positions It was found that the rate o f  electron transfer across the monolayers 
that included the 1,4 substitution on the phenyl moiety o f  the bridge were a factor 
o f 10 higher than those fo r the bridges containing the 1,3 substituted phenyl ring 
S im ilar to the ir earlier w o rk ,13 the authors explained the difference in the 
electronic coupling across the two bridges as due to a quantum interference
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phenomenon invo lv ing  a cancellation o f contributions from  tw o separate electron 
transfer pathways Coupling depends on both the energy and the sign o f  the 
orbitals involved and a cancellation o f the coupling is observed i f  the orbitals 
have s im ilar energy but d ifferent signs In the case o f  the 1,4 substituted bridge, 
the orbitals involved have the same energies and sign and the ir contributions to 
the coupling are additive and do not cancel This behaviour was observed fo r 
monolayers where the number o f  methylene units in  the bridge was large (> 1 1 ) 
When the bridges were shorter than this it  was found that the rates o f  electron 
transfer were indistinguishable fo r both bridges This was interpreted as due to 
the phenylferrocene “ bending over”  to contact the monolayer surface Tunnelling 
between the ferrocene and the electrode is then assumed to be predom inantly 
through the adjacent (non-electroactive) alkanethiols
1 4 42  HYDROGEN BONDING IN HETEROGENEOUS ELECTRON 
TRANSFER
Studies on biosystems have revealed that hydrogen-bonding plays a c ritica l role in 
dictating the effic iency o f long distance electron transfer 86 Therefore, studies o f  
electron transfer reactions across hydrogen-bonded m olecular bridges is 
extremely important fo r understanding biosystems Electron transfer across
o n
hydrogen-bonded bridges has been described by Y u  and co-workers In this 
study, both Langm uir-B iodgett film s and self-assembled film s  were used to 
compare the rates across bilayer bridges that contained ion ic bonding and 
hydrogen bonding A  monolayer o f either 2-aminoethanethiol or 4- 
aminothiophenol was formed on a gold electrode by self-assembly Langm uir- 
B lodgett monolayer film s o f  4 -octy l-4 ’ -(3-carboxy-trimethylene-oxy)-azobenzene 
(A B D ) was then formed on the underlying am inoth io l monolayer The interface 
between the A B D  layer and the 4-am inothiophenol is predom inantly ion ic in 
nature, whereas the ABD/2-am inoethanethiol interface is predom inantly 
hydrogen-bonded The rate o f  electron transfer across the ion ic bridge was
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sign ificantly  higher than that observed fo r electron transfer across the hydrogen- 
bonded bridge (k° = 0 18 s 1 and 0 09 s 1 respectively)
Electron transfer across hydrogen-bonded bridges had previously been described 
in  a study by De Rege and co-workers 12 In this w ork, a series o f  porphyrin  donor 
and acceptor moieties were linked by covalent, 7i-conjugated, a-bonded and 
hydrogen-bonded bridges The rate o f  electron transfer across the hydrogen- 
bonded bridge was found to be between that observed fo r the a-bonded and n- 
bonded bridges This illustrated that not only were hydrogen bonds capable o f 
supporting electron transfer but that h igh ly e ffic ien t electron transfer can occur 
across these bridges
1 4 4 3 EFFECT OF PROTONATION ON ELECTRON TRANSFER
In  a recent study, A lvarez and co-workers described the irreversible and reversible 
m odulation o f  electron transfer rates across dinuclear ferrocene compounds linked 
via the bridging fragment CH 2-N (R )-C H 2 88 A  series o f these compounds 
containing d ifferent aliphatic R groups was prepared, w ith  varying degrees o f  
steric bulk A  further series o f  compounds was prepared containing aromatic R 
groups The extent o f  electronic communication between the ferrocene moieties 
was strongest m lo w  polarity solvents and when the attached R group was bu lky 
The electronic communication between the ferrocene moieties was found to be a 
through space mechanism Both m éthylation and protonation o f  the bridge was 
found to practically destroy the electronic coupling between the ferrocene centres 
The authors suggested that the positive charge induced on the bridge by 
protonation or méthylation may cause increased solvation or ion association w ith  
a resultant shielding o f  the electrostatic interaction between the ferrocene centres 
Im portantly, the m odulation o f the degree o f electronic coupling between the two 
ferrocene centres was fu lly  reversible fo r the protonated bridge, illustra ting  an 
example o f  a switchable molecule
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Forster and O ’K e lly 89 described the m odulation o f the heterogenous electron 
transfer rate across metal/monolayers interfaces Monolayers o f  
[Os(bpy)2(p3p)2]2+ were formed on p latinum  electrodes, where p3p is 4 ,4 ’ - 
trim ethylenepyridm e Only one o f  the 454 ,-trim ethylenepyridm e ligands adsorbed 
to the p latinum  surface, leaving the other free to be protonated at the pendant 
nitrogen The electrochemical response o f  the monolayers was consistent w ith  
electron tunnelling occurring v ia  a through space mechanism The standard 
heterogenous electron transfer rate constant, k°, was found to decrease from  6 1 x 
104 s 1 to 1 6 x 104 s 1 upon protonation o f  the free ligand Measurement o f  the 
free energy o f activation, AG*, indicated that the pH  sensitivity o f  the electron 
transfer rate was due to changes in  the pre-exponential factor, rather than changes 
in AG* Therefore, a weaker electronic coupling between the m etallic states o f  the 
electrode and the orbitals o f the complex was observed upon protonation o f  the 
monolayer I t  was proposed that protonation increased the through space electron 
transfer distance, either by tilt in g  o f the adsórbate w ith  respect to the electrode 
surface or by extension o f the methylene spacer units upon protonation 
However, m superexchange mechanisms, the rate o f  electron transfer depends 
algebraically on the energy difference between the energy levels o f the bridge and
72the donor/acceptor Therefore, m this system, the decrease in the rate o f electron 
transfer upon protonation o f the complex may have been due to a sh ift m energy 
o f either the metal redox centre or the bridge energy levels For example, electron 
superexchange occurs when the donor/acceptor energy levels are close in energy 
to the L U M O  o f  the bridge Therefore, i f  electron transfer in this system occurred 
via  a superexchange mechanism and protonation o f  the complex causes an 
increase m this energy difference, a decrease m the rate o f  electron transfer would 
be observed
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15 CONCLUSIONS
As discussed previously, the mam objective o f  this work is to study the effect o f 
structure on electron transfer reactions Towards this, monolayers and solid-state 
film s  o f  redox-active species at electrode surfaces have been employed This 
chapter has laid out the contemporary models used to describe electron transfer 
In particular, the Butle r-Vo lm er form ulation o f  electrode kinetics and the Marcus 
theory o f  electron transfer have been described Both o f the these models are 
w ide ly  used m the literature and are used to describe many experimental 
observations In  later chapters, these theories shall be used in  elucidating the 
heterogeneous electron transfer behaviour o f  monolayers across the 
electrode/monolayer interface
The form ation and characterisation o f  m odified electrode surfaces is extremely 
im portant as electron transfer reactions are exquisitely sensitive to parameters 
such as distance In this chapter, the main methods o f  form ing and characterising 
electrode surfaces have been outlined The electrochemical techniques used to 
characterise the electron transfer behaviour o f  monolayer and solid-state layers 
has also been discussed
F ina lly, the effects o f bridge structure on bridge mediated electron transfer has 
been discussed, based on current knowledge Effects o f chemical m odification, 
protonation and bonding on electron transfer dynamics across m olecular bridges 
has been described This should provide an insight into the current scientific 
knowledge regarding the effects o f  the bridge on mediated electron transfer
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CHAPTER 2
MICROELECTRODE CONSTRUCTION, SYNTHESIS AND 
CHARACTERISATION OF OSMIUM POLYPYRIDYL
COMPLEXES
71
In  this study, the major goal is to develop an understanding o f  how  the structure 
o f  m olecular bridges affects the rate o f heterogeneous electron transfer In 
addition, some o f  the factors that control electron transfer rates through solids are 
examined Monolayers o f  alkanethiol compounds adsorbed at gold electrode 
surfaces have been extensively used to study the effects o f  parameters such as 
temperature , 1 2 electrolyte ,3 solvent4 and free energy5 on the rate o f 
heterogeneous electron transfer across the electrode/monolayer interface 
However, over the past decade, the use o f alternative adsorbates to study these 
effects has increased steadily Osmium po lypyridy l complexes have gained 
significant interest as suitable adsórbate species fo r the study o f  electron transfer 
reactions This is due to a number o f  factors, including the ease o f  adsorption 
onto metals such as gold and p latinum  as monolayers, the facile electrochemical 
behaviour, the synthetic f le x ib ility  o f  the complexes and the ir stab ility  in  a 
number o f  redox states, including accessible ligand based processes 6 7 8 910 1112
Solid deposits o f  osmium po lypyridy l complexes have been shown to exh ib it 
unusually ideal electrochemical responses when mechanically attached to 
electrode surfaces 1314 15 This approach is a re la tive ly novel method fo r studying 
the redox properties o f  solid materials and permits the study o f  electrochemically 
driven processes such as mass and charge transfer in  the solid state Processes 
such as crystallisation can also accompany redox sw itching o f solid materials and 
these materials provide a convenient means o f  studying these phenomena 1314
In  this study, osmium po lypyridy l complexes are used to investigate the effects o f  
bridge structure on electron transfer reactions Monolayers o f  surface active, 
monomeric osmium b ipyndy l species are used to probe the effects o f  bridge 
protonation and deprotonation on the rate o f electron transfer between the osmium 
metal centre and an electrode surface Solid deposits o f  a d im eric osmium
21  INTRODUCTION
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b ipyndy l complex are also used to investigate electron transfer reactions w ith in  
solid materials
The m a jo rity  o f the w ork carried out on these materials at electrode surfaces is
perform ed using microelectrodes Microelectrodes are defined as electrodes
whose critica l dimension is in  the m icron range By decreasing the dimensions o f
electrode surfaces, adverse effects such as ohm ic drop can be s ign ificantly
reduced and rapid electrode response times can be ach ieved 1617 The
development o f  microelectrode technology has s ign ifican tly  broadened the
1 £
amount o f  in form ation that can be obtained from  electrochemical experiments 
Detailed examinations o f the kinetics o f  electrode reactions can now be performed 
at short timescales, revo lution ising our understanding o f  electrode reactions 19 20
In  this chapter, the construction and characterisation o f gold and p latinum  
microelectrodes are described The electrodes constructed in  this study had radii 
m the range 2 5 -  25 (im and the short response times associated w ith  such small 
electrodes are discussed m this chapter The synthesis and characterisation o f  the 
osmium po lypyridy l complexes used is then described Complete characterisation 
o f  these complexes was carried out using a range o f  analytical techniques, 
including HPLC, U V -V is  spectrophotometry, N M R  spectroscopy and elemental 
analysis
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2 2 MICROELECTRODES
2 2 1 INTRODUCTION
The past two decades have seen a vast increase in  the amount o f scientific 
publications devoted to the area o f microelectrodes 1618 The reduced response 
tim e o f  microelectrodes compared w ith  conventional sized macroelectrodes
(m illim ete r dimensions) enables electrochemical experiments to be carried out at
21 22extremely short timescales This behaviour presents electrochemists w ith  the 
ab ility  to probe not only fast electrochemical events but also novel 
electroanalytical applications Because o f  their unique mass transport properties, 
microelectrodes can be employed at both short and long experimental timescales, 
greatly increasing the amount o f  in form ation that can be obtained from  
electrochemical experiments The im m unity o f  microelectrodes to ohm ic drop 
allows electrochemical experiments to be performed in media such as non-polar 
solvents and solids , 17 experiments that are practically impossible using 
macroelectrodes
In this study, the heterogeneous electron transfer kinetics o f  some osmium 
po lypyndyl complexes are investigated Typical k° values fo r analogous 
complexes are large (> 1 0 4 s ]), requiring the use o f  microelectrodes, i f  accurate 
data are to be obtained 23 24 In  the fo llow ing  sections, the construction and 
characterisation o f  microelectrodes, w hich have nom inal rad ii in  the range 2 5- 
25ju,m are described
2 2 2 MICROELECTRODE CONSTRUCTION
Microelectrodes were constructed using a method s im ilar to that previously 
reported 25
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2 2 2 1  PLATINUM MICROELECTRODE CONSTRUCTION
Platinum  microelectrodes were constructed by sealing a fine w ire  o f  p latinum  
(G oodfe llow  Metals, Cambridge, U K ) m soft glass The rad ii o f  the m icrow ires 
used were m the range 2 5-25 \im  Soft glass tubing (o d 5 mm  , i d 3 mm ) was 
cut into pieces o f  about 8 cm m length One end o f  the tube was then heated in a 
butane flame un til the tubing partia lly  collapsed (leaving an aperture o f inner 
diameter approximately 1 mm ) The tapered tubes were then soaked in d ilute 
n itric  acid fo r several hours to remove any contamination A fte r cleaning, the 
tubes were rinsed w ith  M illi-Q  de-iomsed water and then soaked in  acetone fo r 2 
hours F inally, the pieces o f  tubing were rinsed w ith  M il li-Q  water and allowed to 
dry
A n  a lum in ium  transition w ire  (approximately 4 cm in  length) was soldered to a 
piece o f  copper hook-up w ire  The transition w ire  was stripped o f  its outer plastic 
protective covering and bent into a zig-zig shape This configuration is used to 
ensure stability o f  the w ire  w ithm  the glass tubing Approxim ate ly 3 cm o f  the 
m icrow ire was then soldered to the transition w ire  The m icroscopic w ire was 
then cleaned in  dilute n itric  acid fo r one hour, rinsed w ith  M il li-Q  water and then 
soaked in  acetone fo r another hour F inally, the w ire  was allowed to dry in  air
The w ire  assembly was then passed through the glass tubing, a llow ing  
approximately 0 5 cm o f the m icrow ire  to be exposed through the tapered end o f  
the tubmg The tapered end o f the glass tubing was then heated in  a butane flame 
un til the glass completely collapsed around the m icrow ire, fo rm ing  a seal between 
the glass and the m icrow ire  A  plastic cap was then glued to the top o f  the 
electrode assembly using an epoxy adhesive, both stabilising the hook-up w ire 
and preventing contamination o f  the electrode in terior
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2 2 2 2 GOLD MICROELECTRODE CONSTRUCTION
Gold microelectrodes were constructed by sealing a fine w ire  o f  gold 
(G oodfe llow  Metals, Cambridge, U K ) in  soft glass The rad ii o f  the m icrow ires 
used were in  the range 5-25 jum Soft glass tubing (o d 5 mm  , i d 3 m m ) was cut 
into pieces o f  about 16 cm in  length The tubes were then soaked in  dilute n itric  
acid fo r several hours to remove any contamination A fte r cleaning, the tubes 
were rinsed w ith  M il l i-Q  de-iomsed water and then soaked m acetone fo r 2 hours 
F inally, the pieces o f  tubing were rinsed w ith  M il li-Q  water and allowed to dry 
The dried glass tubes were heated m the centre and a tapered centre was formed 
that was approximately 4 cm long Once cool, the glass was snapped at the centre 
o f the taper
A n  alum in ium  transition w ire (approxim ately 4 cm in  length) was soldered to a 
piece o f  copper hook-up w ire  The transition w ire  was stripped o f  its outer plastic 
protective covering and bent into a z ig-z ig  shape This configuration is used to 
ensure stab ility  o f  the w ire  w ith in  the glass tubing Approxim ate ly  3 cm o f  the 
m icrow ire  was then soldered to the transition w ire  The m icroscopic w ire was 
then cleaned in  dilute n itric  acid fo r one hour, rinsed w ith  M il li-Q  water and then 
soaked m acetone fo r another hour F inally, the w ire  was allowed to dry in  air
The w ire  assembly was then passed into the glass tubing and the closed, tapered 
end was sealed around the gold w ire  by heating in  a butane flame This was done 
un til the glass seal was approximately 4 mm  from  the end o f  the gold m icro  w ire 
A  plastic cap was then glued to the top o f  the electrode assembly using an epoxy 
adhesive, both stabilising the hook-up w ire  and preventing contam ination o f the 
electrode in terior The glass covering the end o f  the gold m icrow ire  was then 
removed using fine sand paper, exposing the metal
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F ig u re  2 1 Design o f the microelectrodes constructed fo r this study
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The ends o f the electrodes constructed using both techniques were then polished 
using fine sand paper un til the end o f  the electrode appeared fla t E lectrical 
connection between the exposed m icrodisc and the hook-up w ire  was then 
verified  by perform ing a cyclic voltam m etry experiment in  either 1 0  M  L 1CIO 4 
electrolyte or 0 1 M  H2SO4 Once electrical connection was confirm ed the 
electrode was allowed to stand m M 1II1-Q water overnight to check fo r any leaks 
into the electrode body The presence o f  leakage into the electrode in te rio r was 
indicated by a substantial increase in  the background current I f  any leaks were 
found, the electrode was discarded Approxim ate ly 90% o f  the electrodes 
constructed using this approach were successfully made and were used routine ly 
m electrochemical experiments The design o f  the microelectrodes used in  this 
study is shown in  Figure 2 1
2 2 3 ELECTRODE POLISHING
Electrodes that had been successfully sealed were then polished using aqueous 
slurries o f alum ina applied to a fe lt polishing pad Polishing was carried out by 
holding the electrode surface against the polish ing pad and gently perform ing 
“ figure o f eight”  movements w ith  the electrode Polishing was performed using 
successively finer grades o f  alumina and the alum ina grades used were 12 5, 5, 1, 
0 3 and 0 05 (im Between each grade o f  alum ina the electrodes were rinsed 
thoroughly using M ilh -Q  water and then sonicated in  M 1I I1-Q water fo r 5 minutes
The progression o f the polishing was monitored by cyclic vo ltam m etry in 0 1 M  
H2SO4 The quantities o f  interest in  a cyclic voltam mogram o f  both a gold and a 
p latinum  electrode in  acid solution are shown m Figures 2 2 and 2 3 In these 
experiments, the potential is cycled between potential lim its  chosen to in it ia lly  
oxidise and then reduce the surface The background currents and the total area 
under the surface oxide reduction peak were used to m onitor the effect o f  
polish ing on the surface roughness In the case o f  p latinum , the area under the
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hydrogen adsorption and desorption peaks can also be used 28 Both o f  these 
quantities w il l decrease w ith  decreasing electroactive surface area
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F ig u re  2 2  Cyclic voltam mogram o f  a 25 jim  gold m icroelectrode in 0 1 M  
H 2SO4 The scan rate is 0 5 V  s '  The features o f  interest in the C V  are (1) 
form ation o f  surface oxide layer and (2 ) reduction o f  surface oxide layer
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F igure  2 3 C yclic voltam mogram o f  a 5 jim  gold microelectrode in  0 1 M
H 2SO4 cycled between -0  175 V and + 1 3  V  vs A g /A gC l The scan rate is 
1 V  s 1 The features o f interest m the CV are (1) oxidation o f  adsorbed hydrogen, 
(2) form ation o f  p latinum  oxide layer, (3) reduction o f the surface oxide layer and 
(4) form ation o f adsorbed hydrogen layer
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2 2 4 DETERMINATION OF ELECTRODE AREA
Due to the w e ll characterised form ation o f  oxide monolayers on polycrystallm e 
gold and platinum , the charge passed in  removal o f these adsorbed layers is 
routine ly used to determine the real or m icroscopic surface area o f  these 
electrodes 28 Other methods fo r estimation o f  the surface area o f  microelectrodes 
include iodine adsorption at gold ,26 and the use o f the geometric or projected
27surface area, w ithout consideration o f  the m icroscopic roughness o f  the surface 
In the case o f  p latinum , hydrogen adsorption from  solution may also be used to 
determine the microscopic area This is impossible at gold electrodes as adsorbed 
monolayers o f hydrogen are not formed at gold surfaces
The method o f oxide reduction fo r the determination o f  the real surface areas o f  
both p latinum  and gold microelectrodes assumes that oxygen is adsorbed at the 
surface in  a monomolecular layer and also that one oxygen atom is attached to 
one metal atom Once the contribution from  double layer charging has been 
subtracted, the charge passed during the reduction o f  the metal oxide layer can 
then be used to determine the real surface area o f  the electrodes according to 
Equation 2 1
where A  is the m icroscopic area o f  the electrode, Qr is the charge under the 
surface oxide reduction peak and Qs is the standard value fo r the surface oxide 
charge per unit area fo r each metal The reference value28 fo r polycrystallm e 
p latinum  is 420 |iC  c m 2 and fo r polycrystallme gold is 390 \xC c m 2 However, 
some uncertainty does arise in  this approach due to the d iffic u lty  in  subtracting 
contributions from  double layer charging and other Faradaic processes A lso, the 
charge passed during reduction o f the oxide monolayer depends on the crystal 
face o f  the metal 28 The surface roughness o f  the microelectrodes was calculated
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by d iv id ing  the m icroscopic surface area by the geometric or projected area 
Typical surface roughness values fo r the microelectrodes were between 1 3 and 
1 8
Once the microscopic areas o f  the electrodes were determined, the electrodes 
were electrochemically cycled in  deoxygenated aqueous 0 1 M  L 1CIO 4 electrolyte 
solution un til a steady background response was observed This is im portant to 
ensure complete reduction o f  any surface oxide and also to ensure fu ll desorption 
o f  any surface hydrogen, in  the case o f p latinum  A fte r this fina l step, the 
electrodes were ready fo r use
2 2 5 DOUBLE LAYER CAPACITANCE AND CELL RESISTANCE
For any electrode in  an electrolyte at a potential E i, there is an associated charge 
at the surface that is counterbalanced by a layer o f  oppositely charged 10ns in 
solution This electrochemical double layer can, in  most respects, be considered 
to behave like  an electro lytic capacitor Upon changing the potential o f  the 
electrode to E2, electrons must move into or away from  the surface, depending on 
the d irection o f  the potential change Therefore, a current must f lo w  to achieve 
the desired potential at the electrode surface This is known as the charging 
current and must be distinguished from  the Faradaic currents w h ich  f lo w  due to 
electrochemical processes at the electrode surface In any electrochemical 
experiment, it  is h igh ly desirable to increase the ratio o f  Faradaic to charging 
current to ensure that meaningful in form ation can be obtained from  the 
electrochemical experiment
Upon changing an electrode potential by a value AE, a charging current, ic, w il l 
f lo w  as a function o f  time, t, according to Equation 2 2
. c - f e x p ^ )  (2 2)
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where R is the cell resistance and C is the capacitance o f  the m icroelectrode The 
capacitance28 is typ ica lly  o f the order o f  20 jiF  c m 2 U n like  real capacitors, 
however, the capacitance o f the electrode typ ica lly  depends on the applied 
potential The product RC is known as the cell tim e constant A t short 
experimental timescales, the Faradaic and charging currents are convolved and 
only at timescales that are 5 to 10 times longer than the RC cell tim e constant can 
meaningful electrochemical measurements be made A t these timescales, the 
contribution o f  the charging current to the observed current is neglig ib le
The resistance, R, o f an electrochemical cell is given by Equation 2 3 fo r a disc 
shaped electrode
R = - L -  (2 3)
AllKX
where k  is  the specific conductance o f the electro lytic medium and r is the 
electrode radius Therefore, the resistance o f  an electrochemical cell increases 
w ith  decreasing electrode radius The capacitance is proportional to the electrode 
area (or r ) and so the RC constant is proportional to r as given by Equation 2 4
R C o c i x r 2 or r (2 4)
r
By decreasing the radius o f  a microelectrode, the response time o f  the electrode 
becomes smaller a llow ing electrochemical measurements to be performed at 
shorter times
W hen Faradaic and charging currents are flow ing  through an e lectro lytic solution, 
they generate a potential that acts to weaken the applied potential by an amount 
iR, where i is the total current and R is the cell resistance iR  drop can result in 
distorted current responses and shifted peak potentials in  cyclic  voltam m etry 
These ohm ic effects can be s ign ificantly reduced w ith  the use o f  microelectrodes
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because the currents at microelectrodes are s ign ificantly  smaller than those 
observed at macroelectrodes
RC cell tim e constants were measured fo r a ll m icroelectrodes by high-speed 
chronoamperometry using a custom -built function generator-potentiostat6 The 
rise time o f the instrument is less than 10  ns and allows potential steps o f  varying 
pulse w id th  and amplitude to be applied to a two-electrode cell A  p latinum  flag 
and an A g /A gC l reference electrode were combined to form  a counter electrode 
The flag lowered the resistance and provided a high frequency path Typical 
current-time transients obtained fo r a 12 5 \im  radius p latinum  microelectrode are 
shown in  Figure 2 4 Transients were recorded in  aqueous L1CIO4 electrolytes o f  
increasing concentration between 0 2 and 1 0 M  The potential step w id th  was
0 05 V  and the potential was stepped from  0 0 V  to + 0 05 V  vs A g /A gC l
From Equation 2 2, it  is clear that semi-log plots o f these current-time transients 
should be linear and from  these plots the resistance and the capacitance can be 
elucidated Semi-log plots o f  the current-time transients are illustrated in Figure 
2 5 The equation o f the best-fit lines fitted to the data in  the semi-log p lo t 
correspond to RC time constants o f 400±50 ns, 700+90 ns and 1 60±0 20 |is fo r
1 0, 0  5 and 0 2  M  L 1CIO 4 respectively These observations clearly indicate, as 
predicted by theory, that the RC time constant o f  the electrochemical cell 
decreases w ith  increasing electrolyte concentration The shorter RC tim e constant 
arises because o f  a lower resistance in  high ionic strength media Resistance and 
capacitance data fo r 12 5 |im  microelectrodes are given in  Table 2 1
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F igu re  2 4 Current-time transients fo r a 12 5 (jLm p latinum  microelectrode in
L1CIO4 electrolytes The electrolytes concentrations are 1 0 M  (circles), 0  5 M
*
(triangles) and 0  2  M  L 1CIO 4 (squares) The potential step applied to the w ork ing  
electrode was from  0 0 V  to 0 05 V  vs A g /A gC l
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F igu re  2 5 Semi-log plots o f  In l versus t fo r a 12 5 |j.m platinum  
microelectrode in  aqueous L 1CIO 4 electrolytes The electrolytes concentrations 
are 1 0 M  (circles), 0 5 M  (triangles) and 0 2 M  L 1CIO 4 (squares) The potential 
step applied to the w ork ing  electrode was from  0 0 V  to 0 05 V  vs A g /A g C l
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Table 21  Resistance, R, Double layer capacitance, Cdi, and electrode 
response times 12 5 (am radius p latinum  microelectrodes as the concentration o f  
L 1CIO 4 is systematically varied
[L1C104] R /Q 10" Cdi /F RC/ ns
0 2 M 22955(1500) 6  97(0 52) 1600(230)
0 5 M 10724(850) 6  42(0 45) 700(95)
1 O M 7595(540) 5 24(0 48) 400(65)
8 8
2 3 OSMIUM POLYPYRIDYL COMPLEXES
2 3 1 INTRODUCTION
Osmium po lypyridy l complexes have many properties that make them attractive 
model species fo r the study o f  heterogeneous and homogenous charge transfer 
processes Many o f these complexes are stable m a number o f  redox states and 
exh ib it facile electron transfer kinetics M etal complexes o f  this type have been 
shown to form  unusually stable monolayers on metal surfaces under a range o f  
electrolyte and solvent conditions 6 8 9
As discussed in  Section 2 1, abrasive deposition o f film s  o f osm ium  po lypyridy l 
complexes at metal surfaces can result m  h igh ly stable film s  The electrochemical 
responses o f these film s can be probed under a variety o f  conditions, provid ing  
important insights into the mechanisms o f  mass and charge transfer through 
solids
in  the fo llow ing  sections, the synthesis and characterisation o f  a series o f  osmium 
polypyndyl complexes are described These complexes have been carefu lly 
chosen to contain a m oiety w ith in  the bridging ligand that is capable o f  
undergoing a protonation/deprotonation reaction Complete characterisation o f  
these complexes is described and an investigation into the p K a o f  each complex is 
carried out These solution phase experiments are im portant references fo r 
investigations o f protonation reactions either w ith in  monolayers or solid deposits
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[Os(bpy) 2 4-tet C1](C104)
[Os(bpy)2Cl-4-bpt-O s(bpy)2C l](P F 6) 2 [Os(bpy)2-4 bptC l](P F6)
F ig u re  2 6  Structure o f  the synthesised osmium po lypyridy l complexes
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2 3 2 APPARATUS
2 3 2 1 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
H igh  performance liqu id  chromatography (HPLC) was performed using a Waters 
510 HPLC pump and a Waters 990 photodiode array detector connected to a N EC 
PAC III computer, w ith  a 20 (al in jector loop and a partis il SCX radial P A K  
cartridge The detection wavelength used was 280 nm The m obile phase was 
acetomtrile water 80 20 (v /v ) containing 0 08 M  lith iu m  perchlorate The f lo w  
rate used was 2  cm3 mm 1, unless otherwise stated
2 3 2 2 UV-VISIBLE SPECTROPHOTOMETRY
U V -V is  spectrophotometry was performed using a Hewlett-Packard 342A  diode 
array spectrophotometer or a Shimadzu UV-240 spectrophotometer Samples 
were dissolved in  HPLC grade acetomtrile to a concentration o f  10 jiM  and quartz 
cells w ith  a path length o f  1 cm were used for all measurements The m in im um  
s lit w id th  was 2 nm p K a determinations were carried out in  Bntton-Robinson 
buffer, 0 04 M  H 3BO 3, 0 04 M  H 3PO4 , 0 04 M  CH 3COOH Samples o f  the 
complexes were dissolved in  the m in im um  amount o f  methanol and then added to 
Britton-Robinson buffer The pH  was adjusted using concentrated solutions o f  
NaOH and HC1
2 3 2 3 NMR SPECTROSCOPY
N M R  spectroscopy was performed using a Bruker 400 N M R  spectrometer A l l  
samples were analysed m C D 3CN or (C D 3)2SO
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2 3 2 4 ELECTROCHEMISTRY
C yclic voltam m etry was performed using a CH Instruments M odel 660 
Electrochemical W orkstation and a conventional three electrode cell The gold 
and p latinum  electrodes had nom inal rad ii ranging from  2 5 \xm to 1 mm  The 
counter electrode was a 1 cm 2 p latinum  flag A ll  solutions were deoxygenated 
thoroughly using nitrogen, and a blanket o f  nitrogen was maintained over the 
solution during all experiments Potentials are quoted w ith  respect to a BAS 
A g /A g C l ge l-filled  reference electrode A ll  experiments were perform ed at room 
temperature (22±3 °C) Solution phase cyclic vo ltam m etry was perform ed in 
HPLC grade acetomtnle
2 3 2 5 E L E M E N T A L  A N A L Y S IS
Elemental analysis on carbon, hydrogen and nitrogen was carried out at the 
M icroanalytical laboratory o f  the U niversity College D ublin , Ireland
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2 3 3 MATERIALS AND METHODS
2 3 3 1 S Y N T H E S IS  O F [0 s (b p y )2"4 -te t-C l]C 1 0 4
[0 s(bpy)2-4 -te t-C l](C 1 0 4) was prepared using a procedure described previously 13 
3,6-B is(4-pyridyl)-l,2 ,4,5-tetrazine (4-tet) was synthesised by com bining 4- 
cyanopyndine (52 g, 0 5 m ol) and hydrazine monohydrate (25 g, 0 5 m ol) and 
heating to 100°C fo r 5 hours The resulting ye llow  solid was collected after 
cooling and recrystallised from  hot ethanol/water, 2 1 v /v  This solid was then 
dissolved m ethanol w ith  a slight excess o f  2 ,3-d ich loro-5 ,6-d icyano-l,4- 
benzoquinone and stirred at room temperature fo r 2 hours The resulting bright 
p ink solid was then collected by filtra tio n  and recrystallised from  hot 
ethanol/water, 2 1 v /v  The yie ld  was 10 g (8  %)
4-tet (0 12 g, 0 51 m m ol) was dissolved m 20 cm 3 o f  ethylene g lycol and heated 
to re flux cw-Os(bpy)2C l2 (0  257 gs 0  45 m m ol) was also dissolved in  the 
m in im um  amount o f  ethylene g lycol and added to the re flux ing solution over a 
period o f  20 minutes The m ixture was allowed to re flux fo r a further 4 hours 
A fte r cooling, the product was precipitated by addition o f  a solution o f  
concentrated NaC1 0 4  The solid product was collected by filtra tio n  and 
recrystallised from  acetone/water, 1 1 v /v  The yie ld was 0 322 g (82 %)
H PLC  Single peak, retention tim e 2 918 minutes
'H  N M R  B ipy ridy l - H 3, 8  47-8 52 (d), H 4, 7 84-7 8 6  (t), H 6, 7 62-7 64 (d), 
H 5, 7 28-7 32 (t)
4-tet -  H 2, 7 70 (d), H 3, 7 60 (dd), H 3, 7 60 (dd), H 6, 7 70 (d), H 2” , 
7 98 (dd), H 3” , 8  75 (d), H 5” , 8  75 (d), H6” , 7 98 (d)
C H N  Calculated fo r OSC32H 24N 10C I2O4 , C 43 98%, H  2 74%, N  16 03
%, Found C 43 21%, H 2 84%, N  14 21 %
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F ig u re  2 7 Cation-exchange HPLC chromatogram for a solution o f  
[Os(bpy)2-4 -tet-Cl](ClC>4) The m obile  phase is acetomtrile water 80 20 (v /v ) 
containing 0 08 M  lith ium  perchlorate and the detector wavelength is 280 nm 
The flo w  rate used is 2 cm3 m in 1
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2 3 3 2 SYNTHESIS OF [Os(bpy)2-4-bpt-Cl](PF6)
23
[Os(bpy)2-4 -bpt-C l](PF6) was prepared using a method described previously 
3 ,5-B is(pyridm -4-y l)-l,2 ,4 -triazo le  (4-bpt) was synthesised by com bining 4- 
cyanopyridine (52 g, 0 5 m ol) and hydrazine monohydrate (25 g, 0 5 m ol) and 
heating fo r 5 hours at 100°C The resulting ye llow  solid was collected after 
cooling and refluxed in 2 M  HC1 fo r 20 minutes This solution was neutralised 
w ith  ammonia and the resulting tan coloured solid was recrystallised from  
ethanol This product was then refluxed in  500 cm3 o f  5 M  H N O 3 fo r 3 minutes 
A fte r cooling to 0°C, 90 g o f  sodium n itrite  were added s low ly The solution was 
stirred at room temperature fo r 30 minutes and then heated at bo iling  fo r 5 
minutes A dd ition  o f  ammonia precipitated the 4-bpt product which was then 
recrystallised from  ethanol The yield was 20 g (18 %)
4-bpt (0 15 g, 0 43 m m ol) was dissolved in  ethylene glycol (40 cm3) and heated to 
re flux cw-Os(bpy)2C l2 ( 0  2 2  g, 3 5 x 1 0 '4 m ol) was also dissolved in ethylene 
glycol ( 1 0  cm ) and added to the solution over a period o f  1 hour and this m ixture 
was refluxed fo r a further 2 hours The reaction m ixture was then cooled and
added drop wise to a concentrated solution o f N H 4PF6 The resulting brown
precipitate was collected by filtra tion  The solid was purified  by d issolving in 
acetone water, fo llow ed by slow evaporation o f the organic solvent The yie ld  
was 0 235 g (74 %)
HPLC Single peak, retention time 2 793 minutes
'H  N M R  B ipyridy l - H 3, 8  47-8 52 (d), H 4, 7 84-7 8 6  (t), H 6, 7 62-7 64 (d),
H 5, 7 28-7 32 (t)
4-bpt -  H2, 8  73 (d), H 3, 7 96-7 92 (dd), H 5, 7 96-7 92 (dd), H 6,
8 73 (d), H 2” , 7 54-7 57 (dd), H 3” , 8 23 (d), H 5” , 8 23 (d), H 6” ,
7 54-7 57 (dd)
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C H N Calculated fo r OsC32H25N9C1NH4PF6, C 39 26, H 3 58, N  14 3 %, 
Found C 38 70, H  3 62, N  14 21 %
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F ig u re  2 8  Cation-exchange HPLC chromatogram fo r a solution o f  
[Os(bpy)2-4 bpt-C l](PF 6) The m obile  phase is acetonitrile water 80 20 (v/v) 
containing 0 08 M  lith ium  perchlorate and the detector wavelength is 280 nm 
The flo w  rate used is 2 cm3 m in '!
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[Os(bpy) 2 4-bpt Os (bpy) 2 C l2 ](PF6)2 was synthesized by dissolving [Os(bpy )2 4- 
bpt C1]PF6 (0 503g, 0 56 m m ol) m 50 cm3 o f  ethanol and b ring ing to re flux A  
m olar equivalent o f  [Os(bpy)2 C l2] (0  314 g, 0  55 m m ol) was dissolved m 30 cm3 
o f ethanol and added in  three lots to the re flux ing  solution The solution was then 
refluxed fo r a further 36 hours A fte r cooling, a concentrated solution o f  aqueous 
N H 4PF6 was added to precipitate the dark purple-brown complex The product 
was recrystallised by dissolving the complex in  50 50 acetone water in  the 
presence o f  a small amount o f  acid to ensure complete protonation o f  the 4-bpt 
bridge, fo llow ed by s low  evaporation o f  the organic solvent The yie ld  was 
0 724g (83 %)
HPLC Single peak, retention time 5 671 minutes
'H  N M R  B ipy ridy l - H 3, 8 47-8 52 (d), H 4 , 7 84 -  7 89 (t), H 6, 7 62 -  7  64
(d), H 5, 7 28 -  7 32 (t)
4bpt - H 2, 9 43 (d), H 3, 8  50 (dd), H 5 7 96-7 92 (dd), H 6, 9 93, H 2 ,
7 54 (dd), H 3 , 8  17 (d), H 5 , 8 23 (d), H 6 , 7 78
C H N  Calculated fo r Os2C 52H 4oN13P2F ,2C l2, C 39 3%, H 2 5%, N
11 4 0% Found C 39 2%, H  2 7%, N  11 3%)
2 3 3 3 SYNTHESIS OF [Os(bpy)2 Cl 4-bpt Os(bpy)2 Cl] (PF6)2
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F ig u re  2 9 Cation-exchange HPLC chromatogram fo r a solution o f  
[Os(bpy)2 C l 4-bpt Os(bpy)2 C l] (PF6) 2 The m obile phase is acetomtnle water 
80 20 (v/v) containing 0 08 M  lith ium  perchlorate and the detector wavelength is 
280 nm The flo w  rate used is 2 cm3 m in  1
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2 3 4 RESULTS AND DISCUSSION
2 3 4 1  U V -V IS IB L E  S P E C T R O P H O T O M E T R Y
The various electronic transitions that a typical octahedral osm ium  po lypyridy l 
complex can undergo are shown in  Figure 2 10 In this diagram, the various 
m olecular orbitals are labelled either as metal (M ) or ligand (L ) centred depending 
on their predominant localisation In the ground state, the c?l and til orbitals are 
completely fille d  The hm teg) orbitals can be fille d  or partia lly  fille d  and the 
higher orbitals are usually empty Other, less frequently observed, transitions that 
can be observed m the absorption spectra o f  octahedral complexes include ligand 
to metal charge transfer (LM C T ), charge transfer to solvent (CTTS) and ligand to 
ligand charge transfer (LLC T ) These processes are not shown in Figure 2 10
M etal to ligand transitions result in  transfer o f electronic charge from  metal- 
localised orbitals to ligand-localised orbitals These M L C T  bands appear in the 
spectra o f  the complexes m the v is ib le  region m a large band between 400 and 
700 nm (Figures 2 11, 2 12 and 2 1 3 )29 A  sharp absorption band at 
approximately 290 nm is observed m the spectrum This is associated w ith  a
9Q
ligand-based transition The shoulders observed at approxim ately 370 nm 
are probably due to metal centred transitions 30 The remaining bands that appear 
m the U V  portion o f the spectrum are due to ligand based tt-tc* transitions, except 
fo r the bands that appear at approximately 240 nm, w hich are due to M L C T  
transitions Table 2 2 contains the extinction coefficients determined fo r each 
complex at the wavelength o f  m axim um  absorbance fo r each transition These 
values have been determined from  plots o f  absorbance versus concentration fo r 
each o f  the complexes
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F ig u re  2 10 Electronic transitions that can be observed in  the absorption 
spectra o f  octahedral transition metal complexes M C , M L C T  and L -L  transitions 
are metal-centred, metal to ligand charge transfer and ligand-centred transitions, 
respectively
101
Ab
so
rb
an
ce
 
/A
U
200 300 400 500 600 700 800
Wavelength / nm
F ig u re  2 11  Absorption spectrum o f [Os(bpy)2 4-tet C 1](C 1 0 4 ) The 
concentration is 1 0  \xM and the solvent is acetomtrile
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F igu re  2 1 2  Absorption spectrum o f  [Os(bpy)2 4-bpt C1](PF6) 
concentration is 10 | iM  and the solvent is acetomtnle
The
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F igu re  2 13 Absorption spectrum o f  [Os(bpy)2C l 4-bpt Os(bpy)2C l](P F 6)2 The 
concentration is 10 |iM  and the solvent is acetonitnle
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Table  2  2 Extinction  coefficients for [Os(bpy)2 4-tet C 1]C 1 0 4 , [Os(bpy)2 4- 
bpt C1]PF6 and [Os(bpy)2 C l 4-bpt Os(bpy) 2 4-bpt C 1](PF6)2 The solvent in  each 
case is acetomtnle
Complex Transition Wavelength /  nm E xtinction  
C oeffic ient / 
M  1 cm 1
[Os(bpy)24-tet C1]C104 LC  7T-7T* 290 38300
M C 370 9970
M L C T 240 24400
M L C T 460 6390
[Os(bpy)24-bptC l]PF6 LC 71-71* 290 63200
M C 370 11684
M L C T 240 27170
M L C T 460 9784
[Os(bpy)2C14-
bptOs(bpy)2C l](P F 6) 2
LC  71-71* 290 86000
M C 370 19000
M L C T 240 40000
M L C T 470 16000
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2 3 4 1 1 pKa DETERMINATION
The p K a o f  each o f  the complexes has been investigated using U V -V is  
spectrophotometry This in form ation is im portant as the effects o f  protonation o f  
the 4-tet and 4-bpt ligands on the rate o f  electron transfer across the bridging 
ligand is one o f  the m ajor goals o f this study Changes in the absorption spectra 
o f  these complexes can provide an insight into the extent o f  electronic 
communication between the metal centre and the ligands Im portantly, these 
studies can provide an estimate o f  the p K a o f  the complex, a parameter that is 
crucia lly  im portant when undertaking a study into the effects o f protonation
However, the p K a o f each complex m bu lk solution may be d ifferent from  that 
found when the species are incorporated as monolayers or w ith in  so lid  deposits 
For example, the dielectric constant w ith in  a solid f ilm  or a monolayer may be 
d is tinctly  d ifferent from  that found in  bu lk solution Secondly, im m ob ilisa tion  o f  
the complexes w ith in  a monolayer may alter the electron density o f  the ligand 
These effects could cause d ifferent apparent p K a values to be observed These 
effects are investigated further in later chapters
The effect o f  changing the bu lk solution pH  on the absorption spectra o f 
[Os(bpy ) 2 4-tet C IXC IO 4) is shown in  Figure 2  14 T itrations were performed in  
Bntton-Robinson buffer, 0 04 M  H 3BO 3, 0 04 M  H 3P0 4 , 0 04 M  C H 3CO O H The 
pH was adjusted using concentrated NaOH and HC1 solutions In this Figure, the 
wavelength range shown is 280-800 nm The changes in  the M L C T  bands that 
occur upon protonation o f  the 4-tet ligand are clearly v is ib le  As the pH  o f  the 
solution decreases a decrease m the M L C T  band is observed This is consistent 
w ith  a reduction o f the electron density on the 4-tet ligand, that occurs upon 
protonation o f  the ligand Changes m the spectra were confirm ed to be reversible 
by firs t increasing and then decreasing the pH o f  the solution Absorbance values 
were reproducible to approximately 0 0025 A  U  upon changing the solution pH
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The changes m the absorbance at 480 nm that occur upon decreasing the solution 
pH  are illustrated in  Figure 2 15 This data has been fitted  to the Henderson- 
Hasselbach relationship
pH = p K a + Log
H A
(2 5)
where A  and H A  are the deprotonated and protonated forms o f  the complex The 
solid line in Figure 2 15 is the theoretical curve using a p K a value o f 2 6  This 
illustrates that the model provides an adequate description o f the experimental 
data and that the p K a is 2  6 ± 0  2
107
Ab
so
rb
an
ce
 
/ A 
U
Wavelength / nm
F igu re  2 14 E ffect o f decreasing solution pH  on the U V -V is  spectrum o f  
[Os(bpy)2 4-tet C1]C 1C>4 The solution pH  values are 1 26, 1 52, 1 89, 2 49, 3 42, 
4 19,4  64 and 5 21
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F igu re  2 15 Changes in  the absorbance o f  a solution o f  [Os(bpy)2 4-tet C 1]C 1 0 4
observed at 480 nm upon changing the solution pH  The solvent is B ritton- 
Robmson buffer The solid line is the calculated curve based on a p K a value o f  
2 6
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The changes observed m the spectrum o f  [Os(bpy)2 4-bpt C1]PF6 upon changing 
the pH  o f  the solution are illustrated in  Figure 2 16 pH titra tions were performed 
in  Britton-Robm son buffer and a ll changes m the spectra were confirm ed to be 
reversible by firs t decreasing and then increasing the solution pH 
(± approximately 0 0025 A  U ) Changes m the M L C T  band (at 480 nm) 
observed upon protonation o f  the 4-bpt ligand are illustrated in  Figure 2 17 By 
fitt in g  these data to the Henderson-Hasselbach equation using non-linear 
optim isation techniques, an estimate o f  the p K a o f  the 4-bpt ligand was obtained 
The solid line in  Figure 2  17 shows the theoretical curve predicted using a value 
o f  9 60 fo r the p K a o f the 4-bpt ligand The error on the p K a value is 0 2 pH  units
The changes observed in the spectrum o f  [Os(bpy)2 C l 4-bpt Os(bpy)2 CIJPF^ are 
illustrated in  Figure 2 18 A ll  spectra were recorded in Bntton-Robinson buffer 
and a ll spectra were confirmed to be reversible by firs t increasing and then 
decreasing the pH o f the solution (± approximately 0 003 A  U ) The changes 
observed m the M L C T  band at 480 nm are illustrated in  Figure 2 19 These data 
were fitted  to the Henderson-Hasselbach equation using non-linear optim isation 
methods and the solid line m Figure 2 19 shows the curve obtained using a p K a 
value o f 11 1 for the 4-bpt ligand in  the dim eric complex [Os(bpy)2 C l 4-bpt 
Os(bpy)2 CIJPFó The error on the p K a value is 0 2  pH  units
That changes in  the absorption spectra o f  all three complexes were observed upon 
changing the pH o f  the solution suggests that the extent o f  electronic 
communication between the osmium metal centres and the attached 4-bpt and 4- 
tet ligands is significant These observations indicate that a simple change in the 
pH  o f  the solution, causing protonation/deprotonation o f  the 4-tet and 4-bpt 
ligands, alters the electronic density on the bridge and hence, the osmium metal 
centre W hile  the spectra fo r [Os(bpy) 2 4-bpt CIJPFó and 
[Os(bpy) 2 C l 4-bpt Os(bpy)2 C1]PF6 do not show evidence o f  an isosbestic point, 
that w ould indicate the presence o f  a single p K a value, the p K a values determined 
are comparable to that determined fo r free 3 ,5 -B is (p y rid in -2 -y l)- l}2,4-triazole
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(p K a = 8 4±0 l ) 31 The p K a values determined fo r each complex are given in  
Table 2 3
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F ig u re  2 16 Changes in  the U V -V is  spectrum o f  [Os(bpy ) 2 4-bpt C1]PF6 
observed upon changing the pH o f  the solution The solution pH values are 4 32, 
5 75, 6  25, 7 1, 9 32, 9 77, 10  4, 11 25, 11 76 and 12 51 The solvent is B n tton- 
Robinson buffer
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F igu re  2 17 Changes m the absorbance o f  a solution o f [Os(bpy )2 4-bpt C1]PFô 
observed at 480 nm upon changing the solution pH The solvent is B ritton- 
Robinson buffer
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F igu re  2 1 8  Changes in  the U V -V is  spectrum o f  [Os(bpy)2Cl 4-bpt 
Os(bpy)2C l]PF6 observed upon changing the pH o f the solution The solution pH 
values are 7 8 8 , 8 73, 10 06, 10 72, 11 46, 12 04, 12 49 and 12 95 The solvent is 
Bntton-Robm son buffer
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F igu re  2 19 Changes in  the absorbance o f  a solution o f  [Os(bpy)2Cl 4-bpt 
Os(bpy)2C l]PF6 observed at 480 nm upon changing the solution pH The solvent 
is Britton-R obinson buffer
r - i i r
Tab le  2  3 p K a values determined fo r [Os(bpy ) 2 4 -tetCl]ClC>4 , [Os(bpy )2 4- 
bptC l]P F 6 and [Os(bpy)2C l 4-bpt Os(bpy)2C l](P F 6)2 a
Complex p K a
[Os(bpy) 2 4-tetC l]C 104 2 6
[Os(bpy) 2 4 -bptC l]PF 6 9 6
[Os(bpy)2Cl 4-bpt Os(bpy)2C l](P F 6) 2 11 1
a The error on p K a values is approximately 0 2 pH units
116
2 3 4 2 ELECTROCHEMISTRY
By probing the electrochemical response o f  the osmium po lypyndyl complexes, it  
is possible to gain an insight into the electrochemical revers ib ility  o f  the Os2+/3+ 
redox reaction Determ ination o f the form al potential o f  the redox reaction can 
also provide an msight into the ease o f oxidation o f the metal centre The cyclic 
voltam m etric responses o f [Os(bpy)2 4-tet C 1](C 1 0 4 ), [Os(bpy) 2 4-bpt C 1](PF 6) 
and [Os(bpy ) 2 C l 4-bpt Os(bpy) 2 C1](PF6) dissolved in  acetomtrile w ith  0 1 M  
T B A B F 4 as supporting electrolyte are shown in  Figures 2 20, 2 21 and 2 22, 
respectively In the case o f  the monomeric complexes, a single redox couple is 
observed (corresponding to the Os2+/3+ redox reaction) and the form al potential o f  
the couples are 0 222 V  vs A g /A gC l and 0 249 V  vs A g /A g C l fo r [Os(bpy) 2 4-tet 
C IKC IO 4) and [Os(bpy) 2 4-bpt C1](PF6) respectively In each case, the peak-to- 
peak separation, AEP, is approximately 75±5 m V  and is s ligh tly  larger than the 
value o f 57 m V  expected fo r a redox reaction invo lv ing  the transfer o f  a single 
e lectron 28
Slow electron transfer kinetics would cause increased AEP values at higher scan 
rates However, the peak to peak separation does not change fo r scan rates in  the 
range 0 1 < v < 2  0 V/s, indicating that slow electron transfer kinetics are not the 
source o f  this increased AEP The sligh tly  larger than expected AEP values are not 
due to ohmic effects as the increased currents observed at higher scan rates would 
cause the AEP values to increase w ith  increasing scan rate The estimated 1R drop 
in  these voltammograms is less than 0 5 m V, w h ich  is insignificant compared to 
the AEP values observed here The form al potentials (0 222 V  and 0 249 V  fo r 
[Os(bpy) 2 4-tet C1](C104) and [Os(bpy) 2 4-bpt C1](PF6) respectively) are typical 
o f  osmium polypyndyl complexes containing one electronegative ligand ( C l), 
where the overall charge on the complex is + 1  1314
In  the case o f  the dimeric complex, [Os(bpy) 2 C l 4-bpt Os(bpy) 2 Cl](PFe), two 
redox waves are observed w ith  form al potentials o f  0 320 V  and 0 760 V  The
117
AEp values observed fo r the two waves are approxim ately 80 m V , w hich is 
s ligh tly  larger than the expected value o f  57 m V  expected fo r a one-electron 
redox reaction This sligh tly larger than expected AEP value is not due to either 
slow heterogeneous kinetics or ohm ic effects as the peak shapes and positions are 
independent o f  scan rate fo r 01  < v < 2 0  V s 1 There is a re la tive ly large 
separation between the two form al potentials, (0 440 V ) Since the dinuclear 
complex is h igh ly symmetric, the extent o f electronic coupling across the 4-bpt 
bridge is like ly  to be responsible fo r the re latively large separation between the 
tw o form al potentials Based on the U V -V is  data described above, there appears 
to be significant electronic communication between the metal centres and the 
bridging ligand Therefore, the extent o f  electronic communication across the 
bridging ligand is probably the source o f this large separation between the two 
form al potentials
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Figure 2 20 Solution phase cyclic voltam mogram o f  [Os(bpy)2 4-tet Cl ]C 1C>4 
dissolved in  acetomtnle w ith  0 1 M  T B A B F 4 as supporting electrolyte The 
concentration is 100 (.iM  The potential lim its  are 0 to 0 5 V  vs A g /A gC l and the 
scan rate is 0 1 Vs 1 The electrode is a 1 mm radius p latinum  disc electrode
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F igu re  2 21 Solution phase cyclic voltam mogram o f  [Os(bpy)2 4 bpt C1]PF6 
dissolved in  acetonitrile w ith  0 1 M  T B A B F 4 as supporting electrolyte The 
concentration is 100 juM The potential lim its  are 0 to 0 5 V  vs A g /A g C l and the 
scan rate is 0 1 Vs 1 The electrode is a 1 mm  radius p latinum  disc electrode
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F igu re  2 22 Solution phase cyclic voltam mogram o f [Os(bpy)2 C l 4-bpt 
Os(bpy)2 C ljPFs dissolved m acetomtnle w ith  0 1 M  T B A B F 4 as supporting 
electrolyte The concentration is 10 \ iM  The potential lim its  are - 0  1 to 1 0  V  vs 
A g /A g C l and the scan rate is 0 5 Vs 1 The in itia l potential is - 0  1 V  The 
electrode is a 5 jim  radius p latinum  disc microelectrode
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2 4 CONCLUSIONS
The synthesis and characterisation o f  a series o f  osm ium  polypyridyl com plexes 
has been described Characterisation techniques used included N M R  
spectroscopy, HPLC, U V -V isible spectrophotom etry, elem ental analysis and 
cyclic voltam m etry The 4-tet and 4-bpt ligands both contain m oieties capable o f 
undergoing a protonation/deprotonation reaction, the effect o f  w hich is studied in 
later chapters U sing U V -V isible spectrophotom etry, the spectral changes that 
occurred upon protonation o f  the 4-tet and 4-bpt ligands w ere m onitored  m  order 
to determ ine the pK a o f  the ligands in each com plex
The solution phase pK a values o f  these com plexes are very im portant when 
undertaking a study o f  the effects o f  protonation o f  the ligands on the electron 
transfer dynam ics H ow ever, as described m  Section 2 3 4 1 1, the pK a values o f 
each com plex w hen im m obilised at electrode surfaces m ay be significantly 
different from  that observed in bulk solution These effects are discussed in detail 
in later chapters The redox potentials o f  each com plex are easily accessible and 
each com plex exhibits nearly ideal electrochem ical responses in solution U pon 
im m obilisation o f these com plexes at electrode surfaces, com parison o f  the 
electrochem ical behaviour with that observed here in solution m ay provide an 
insight into the local m icroenvironm ent o f  the im m obilised redox species
1 2 2
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ELECTRON TRANSFER DYNAMICS ACROSS G O LD/O SM IUM  
BIS-BIPYRIDYL CHLORIDE M O NO LAYER INTERFACES
CHAPTER 3
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3 1  INTRODUCTION
The ability to control the rate o f  electron transfer across m olecular bridges 
im pacts  diverse areas ranging from  the developm ent o f m olecular electronics to 
understanding biosystem s 1 To date, the only approach to m odulating the rate o f 
electron transfer across a bridge linking m olecular or bulk com ponents was to 
synthetically change the structure o f  the bridge , 2  the solvent3  o r to couple electron  
transfer to m ass transport, e g , proton coupled electron transfer reactions 4
A particular challenge is to develop system s in w hich the electronic structure o f  
the bridge can be reversibly changed m response to the local m icroenvironm ent, 
e g , through a protonation reaction H ow ever, this objective can only be 
achieved if  the role o f the bridge states in the electron transfer process is 
understood For exam ple, where electron transfer proceeds via a coherent 
superexchange m echanism 5  the rate depends algebraically on the difference 
betw een the energy levels o f  the bridge and donor/acceptor, AEendge d/a 
Therefore, i f  this energy difference could be tuned, then one could control the 
electron transfer dynam ics 6
The influence o f  bridge states on electron exchange has been investigated 
extensively for solution phase donor-acceptor system s, e g , transition m etal
7 £ 0
com plexes linked by an electroactive bridge In contrast, there have been 
relatively few  investigations m which one o f  these m olecular com ponents is 
replaced by a m etal surface Traditionally, self-assem bled m onolayers have 
em ployed alkane-thiol linkers m which the energies o f  both the highest occupied 
and lowest unoccupied m olecular orbitals, the HO M O and LU M O , respectively, 
are energetically rem ote from  the donor/acceptor states o f the bound redox 
centres i 0  W hile system s o f  this kind can provide dram atic new  insights into the 
distance and potential dependence o f electron transfer , 1 1  the large AEBndgeD/A 
m akes them  unattractive for m odeling biological system s For exam ple, in DN A 
donor/acceptor and bridge elem ents are typically separated by less than  1  eV 1 2
1 2 6
Electroactive bridging ligands offer the possibility  o f  significant virtual coupling, 
superexchange, if  the HO M O  or the LUM O o f  the bridge is close m  energy to the 
donor and acceptor m oieties If the AEd/a lu m o  energy difference is sm aller than 
the AEd/a hom o separation, superexchange can occur via an electron 
superexchange If  the AEd/a hom o energy difference is sm aller, superexchange 
will occur v ia a hole superexchange m echanism
In this chapter, an approach to chem ically m odulating the rate o f  heterogeneous 
electron transfer across m etal/m ono layer interfaces is described The bridge 
betw een the [Os(bpy ) 2  C l]+ m oiety and the electrode surface is 3 56-bis(4-pyridyl)- 
1 ,2,4,5-tetrazine where bpy is 2 ,2 '-b ipyndyl Significantly, not only is the 
bridging ligand redox active, it is also capable o f  undergoing 
protonation/deprotonation reactions depending on the pH o f  the contacting 
electrolyte solution The effect o f  protonatm g the bridge on the dynam ics o f  
heterogeneous electron transfer has been studied using high scan rate cyclic 
voltam m etry These responses are w ell-behaved over a w ide range o f  scan rates, 
electrolyte concentration and pH values allow ing m olecular bridge effects, in 
particular the role o f  superexchange on distant charge tunneling to be 
investigated The com plete voltam m ogram s have been m odeled to decouple the 
effects o f  protonation on the electronic coupling and the free energy o f activation
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3 2 MATERIALS AND REAGENTS
[Os(bpy ) 2  4-tet Cl] CIO 4  was prepared as described in Chapter 2 All other 
reagents used were o f  analytical grade
3 3 APPARATUS AND PROCEDURES
Gold m icroelectrodes were constructed and characterised as described in C hapter 
2
Cyclic voltam m etry was perform ed using a CH Instrum ents M odel 660 
Electrochem ical W orkstation and a conventional three electrode cell All 
solutions were deoxygenated thoroughly using nitrogen, and a blanket o f  nitrogen 
was m aintained over the solution during all experim ents Potentials are quoted 
w ith respect to a BAS Ag/AgCl gel-filled reference electrode, except where 
indicated otherwise All experim ents were perform ed at room  tem perature 
(22+3 °C)
Spontaneously adsorbed m onolayers were form ed by im m ersing the 
m icroelectrodes in m icrom olar solutions o f  the m etal com plex in acetone/w ater 
(50/50, v/v) for periods up to 12 hours The pH  o f  the deposition solution was 
controlled by addition o f 1 0 M  aqueous perchloric acid The com plex is stable 
tow ards aerial oxidation and no precautions were taken to exclude atm ospheric 
oxygen during m onolayer form ation Before electrochem ical m easurem ents were 
m ade, the electrodes were rinsed with M 1 II1 -Q w ater and the electrolyte solution 
to rem ove any unbound m aterial Subsequent m easurem ents were perform ed in 
blank electrolyte The degree o f m onolayer protonation was system atically 
altered by varying the pH o f  the contacting electrolyte solution over the pH range 
0 50 to 8  00 by adding concentrated solutions o f  HCIO4 or NaOH to 1  0 M  
L1CIO4
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Ram an spectroscopy w as conducted on a D ilor Jobiny-von Spex Labram  The 
exciting  20 m W  helium -neon laser (632 8  nm ) was focused through a purpose 
m ade electrochem ical cell onto a m onolayer deposited on a gold m acroelectrode 
(1 5 m m  radius) using a 10* objective lens The beam  diam eter w hen focused is 
approxim ately  1  jum producing approxim ately 106  W c m 2  at the surface Focusing 
w as confirm ed by using a CCD cam era m im aging m ode A spectral resolution o f 
1 5 cm  1 per pixel was achieved using a grating o f  1800 lines/m m  The applied 
potential was controlled w ith respect to an Ag/AgCl reference electrode using a 
CH instrum ents m odel 600A potentiostat
129
3 4 RESULTS AND DISCUSSION
3 4 1 GENERAL ELEC TR O C H EM IC AL PROPERTIES
Figure 3 1 shows representative cyclic voitam m ogram s for a spontaneously 
adsorbed m onolayer o f  [Os(bpy ) 2  4-tet Cl]+ at a gold electrode in aqueous 0 1 M 
L 1 CLO 4  electrolyte adjusted to pH 1  0  ± 0 2 by addition o f  concentrated H CIO 4 
The solution does not contain any dissolved com plex The form al potential o f  the 
redox couple, E ° \  is observed at 0 245 V vs A g/A gCl The E 0' value observed
for the com plex dissolved m acetom trile solution was w ithin 25 m V o f  the
26surface-confined E 0> value, suggesting that these layers are solvated
The voitam m ogram s exhibit features characteristic o f those expected for an 
electrochem ically  reversible reaction involving a surface confined redox 
species 1 3  The peak shape is independent o f  scan rate, o , for 0 05<u<50 Vs 1 
(Figure 3 2) and the peak height increases linearly w ith increasing scan rate 
(Figure 3 3) Therefore, it appears that [Os(bpy ) 2  4-tet C l]+ adsorbs to the surface 
o f  the gold m icroelectrode to give an electroactive film  R epetitive cycling o f  
these m onolayers in 0 1 M  L 1 CIO 4  electrolyte at both neutral and low  pH  was 
carried out over a 16 hour period This did not produce any change m the shape 
o f  the voitam m ogram s, indicating that these m onolayers are extrem ely stable to 
electrochem ical cycling across a w ide pH  range
W here there are no lateral interactions betw een adsorbates and a rapid redox 
equilibrium  is established w ith  the applied potential, a zero peak to peak splitting, 
AEP, and a full w idth at ha lf m axim um , fwhm , o f 90 6  mV are expected for a one 
electron transfer
fw hm  = 3 53 S I  = m V (25°C ) (3 1)
nF n
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M onolayers o f  this com plex exhibit non-zero AEP values even at low scan rates, 
e g , AEP is 60±10 mV at a scan rate o f  0 5 V s 1 This behavior has been reported 
previously for structurally related system s , 1 4  e g , for [Os(bpy ) 2  3 ,5-bis(pyridin-4- 
y l)-l,2 ,4 -triazo le  Cl]+ m onolayers , 1 5  AEp is 15±5 mV at a scan rate o f  0 5 Vs 1 
Feldberg has interpreted non-ideal responses in term s o f  unusual quasi- 
reversibility  (U Q R ) , 1 6  arising due to rate processes that are slow  com pared to the 
experim ental tim escale H ow ever, it is im portant to note that AEP does not 
increase with increasing scan rate for 0 5<u<50 V s 1, suggesting that the non­
ideal behavior is not caused by slow  heterogeneous electron transfer A lso, the 
observation that AEp does not increase w ith increasing scan rate for 0 5<o<50 
V s 1 indicates that ohm ic drop does not significantly influence the response For 
the voltam m ogram s illustrated in Figure 3 2, the estim ated lR drop is less than 2 
m V, w hich is insignificant com pared to the AEP values observed here These 
m onolayers exhibit fwhm  values o f  250+30 mV, suggesting that there may be 
repulsive lateral interactions betw een adjacent redox centers These repulsive 
interactions are m ost likely electrostatic in nature due to the net positive charge on 
each redox centre
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Figure 3 1 Representative cyclic voltam m ogram  for a spontaneously adsorbed 
m onolayer o f  [Os(bpy ) 2  4-tet C l]+ at a 1 m m  radius gold electrode The scan rate 
is 0 2 V s 1 The electrolyte is aqueous 0 1 M  L 1 CIO 4  adjusted to pH 1 with 
concentrated HCIO 4
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The area under the oxidative and reductive waves o f  the cyclic voltam m ogram  
can be used to determ ine the surface coverage, F , o f  the com plex on the gold 
surface using Equation 3 2
r = ^  <32>
w here Q is the charge under the wave, n is the num ber o f  electrons transferred  in
the reaction, is Faraday’s constant and A is the area o f  the electrode The
) 1 2voltam m etncally  determ ined surface coverage is 8  1 ±0 25x10 m ol cm  , 
corresponding to an area occupied per m olecule o f  205±6 A2 This area o f  
occupation is som ew hat larger than the expected, given a radius o f  approxim ately 
6  7 A for the [Os(bpy ) 2  C l]+ m oiety , 2 0 2 1  but is consistent w ith a surface coverage 
that is dictated by the [Os(bpy ) 2  Cl]+ head group, rather than by the bridging 
ligand In the follow ing section, the dependence o f T  on the concentration o f  
[O s(bpy ) 2  4-tet C l]+ in the deposition solution is probed This m ay provide an 
insight into the nature o f  lateral interactions betw een adjacent adsorbates
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Figure 3 2 Effect o f  increasing scan rate on the voltam m etric response o f  a 
spontaneously adsorbed m onolayer o f  [Os(bpy ) 2  4-tet C l]+ at a gold disc 
electrode The electrolyte is aqueous 0 1  M  L 1 CIO 4 adjusted to pH  1  w ith 
concentrated HCIO 4 The radius o f  the electrode is 1  m m  Scan rates are (from 
top to bottom ) 1  0, 0 8 , 0 6 , 0 4 S and 0 2 V /s C athodic currents are up and anodic 
currents are down
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Figure 3 3 Scan rate dependence o f  the voltam m etnc peak current for a 
m onolayer o f  [Os(bpy ) 2  4-tet C 1 ]C 1 C>4 at a gold m icroelectrode The electrolyte is 
aqueous 0 1 M  L 1 CIO 4 adjusted to pH  1 w ith concentrated H CIO 4  The radius o f
1 I ' I
the electrode is 1 m m  The surface coverage is 8  1x10 m ol cm
135
3 4 2 ADSORPTION ISOTHERMS
To exam ine the existence o f lateral interactions betw een adjacent adsorbates, the 
effect o f  the bulk solution concentration o f com plex on the surface coverage was 
exam ined To obtain the adsorption isotherm , 1 7  the surface coverages at 
equilibrium  were determ ined by integrating the background corrected cyclic 
voltam m ogram s as the bulk concentration in the deposition solution was 
system atically varied Beyond the issue o f lateral interactions, the pH dependence 
o f  adsorption in this system  is interesting because the com plex contains two 
possible protonation sites, 1  e , the pyridine and tetrazm e nitrogens I f  protonation 
occurs at the pyridine nitrogen then its lone pair w ould not be capable o f  
interacting with the surface thus blocking adsorption
Figure 3 4 shows the dependence o f  the surface coverage o f [Os(bpy ) 2  4-tet C l]+ 
as the concentration o f  the com plex in the deposition solution is system atically 
varied A t both low and high pH the surface coverage reaches a plateau at 
concentrations o f  approxim ately 1 |iM  A dsorption clearly takes places at low pH 
suggesting that the tetrazm e, rather than the unbound pyridine m oiety, becom es 
protonated at low pH
The Frum kin adsorption isotherm  can provide a useful insight into the lateral 
interactions that m ay exist w ithin these m onolayers since it m odels the free 
energy o f  adsorption as an exponential function o f  the surface coverage 1 7
PC, = ■r~~exp(g0l) (3 3)
1- 0 .
w here 0j = T, / r sat, T, is the coverage o f  [Os(bpy ) 2  4-tet C l]+ in m ol cm  2  at a bulk 
concentration C„ F sa{ is the saturation coverage obtained at high bulk 
concentrations and P is the adsorption coefficient g is the interaction param eter
136
and attractive interactions are indicated by g< 0  and repulsive interactions by g> 0 ? 
w hile for g=0 the Langm uir isotherm  is obtained
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Figure 3 4 D ependence o f  the surface coverage on the bulk concentration o f 
the [Os(bpy ) 2  4-tet C 1 JC 1 0 4 , •  and □ denote m onolayers deposited at pH  values o f  
6  6  and 1 8 , respectively The supporting electrolyte is 1 0 M  L 1 CIO 4 The 
dashed and solid lines represent the best fits to the Langm uir and Frum kin 
adsorption isotherm s, respectively
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Figure 3 4 shows that the optim ised Frum kin and Langm uir isotherm s provide a 
satisfactory fit to the experim ental surface coverages for m onolayers assem bled 
from  deposition solutions in w hich the pH  is 6  6  or 1 8  H ow ever, as illustrated in 
the inset o f  Figure 3 4, the residuals associated w ith the best-fit Frum kin isotherm  
are generally sm aller and less structured than those found for the best-fit 
Langm uir isotherm  Table 3 1 contains the best-fit param eters and reveals that the 
interaction param eters are +0 10 ± 0 05 and +1 50 ±  0 2 for m onolayers deposited 
at pH  6  6  and 1 8 , respectively These positive interaction param eters indicate 
that destabilizing lateral interactions exist in both cases, but that the destabilizing 
interactions are stronger for m onolayers that contain a protonated tetrazine 
bridging ligand This result suggests that electrostatic repulsion betw een the 
positively charged headgroups exists at all pH  values but that protonating the 
bridge intensifies these destabilizing lateral interactions
The free energy o f  adsorption, AG°ads> can be determ ined from  the adsorption 
coefficient in conjunction w ith Equation 3 4 1 3
P = exp(-A G °ads/R T ) (3 4)
The free energies o f  adsorption are experim entally indistinguishable for the two 
pH s at a value o f  -3 9  9 ±  1 1 kJ m o l 1 indicating that protonating the tetrazine 
ligand does not significantly affect the m olecule’s propensity for adsorption This 
value is sim ilar to that found for structurally related m onolayers , 1 8 1 9  e g ,  for 
[Os(bpy ) 2  Cl p3p]+, AG°ads is 37 9 ±  2  2  kJ m o l 1 The saturation surface 
coverages observed at pH  6  6  and 1 8  are 0 96 ± 0 1 and 0 84 ± 0 2x10 " 1 0  m ol c m 2  
corresponding to areas occupied per m olecule o f  approxim ately 174 ± 16 and 198 
±  38 A 2, respectively These areas o f  occupation are som ew hat larger than those 
expected given a radius o f approxim ately 6  7 A for the [O s(bpy)2 Cl]+ m oiety , 2 0  2 1  
but are consistent w ith a surface coverage that is dictated by the redox active 
headgroup rather than by the bridging ligand
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T a b le  3 1  Saturation coverages, A dsorption C oefficients and Frum kin 
Interaction Param eters for [Os(bpy ) 2  4-tet C l]+ M onolayers A ssem bled from  
deposition solutions at pH 6  6  and 1 8
pH 6 6 pH 1 8
1 0  1 0  rgat /  m ol cm ' 2  
p / M " 1
AG°ads /  k j  m o l 1  
g
0 96 ± 0 1 
9 9 ± 0 3 x 106  
-39 9 ± 0 8  
+0 1 0 1 0  05
0 84 ± 0 2 
9 8  ± 0 4 x 106  
-39 9 ± 1 1 
+1 5 ± 0  2
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3 43  EFFECT OF ELECTROLYTE CONCENTRATION ON THE  
REDOX FORM AL POTENTIAL
G iven the interest in understanding protonation reactions and electron transfer 
dynam ics w ithin these m onolayers, it is im portant to probe the nature o f  the 
m icroenvironm ent w ithin the film  The form al potential depends on both the 
solvation shell and the extent o f  ion-pairing 2 2 , 2 3  2 4  U pon oxidation o f  a 
m onolayer o f this com plex, the net charge on the com plex sw itches from  + 1  to 
+2 W hen this occurs, anions m ust m ove from  the electrolyte solution into the 
layer in order to m aintain electroneutrality The extent o f  ion pairing in these 
m onolayers has been exam ined by probing the effect o f  electrolyte concentration 
on the form al potential o f  the O s2+/3+ redox reaction for 0 1 <[L iC 1 0 4 ] < 1  0 M  In 
these m easurem ents, scan rates less than 1 V s 1 were em ployed so as to avoid any 
influence from  the interfacial electron transfer kinetics
W hen a polycationic film  is placed in a dilute solution o f  a strong electrolyte, the 
concentration o f  counterions (CIO 4 in this case) w ithin the deposit is typically 
considerably larger than that found in the contacting solution Thus, under the 
influence o f the concentration gradient, counterions m ay diffuse from  the deposit 
into the solution until the concentrations becom e equal in the two phases 
H ow ever, if  diffusion o f  charged counterions occurs, then electroneutrality w ithin 
the deposit would be violated, and an electrical potential w ould develop at the 
interface 1 3  Therefore, to avoid any com plications due to the ionic strength o f  the 
electrolyte, the extent o f ion-pairing m these m onolayers was exam ined in 
electrolytes that contained a high concentration o f N a 2 S 0 4  as sw am ping 
electrolyte
The form al potential o f  the Os2+/3+ redox reaction shifts by less than 15 m V over 
the electrolyte concentration range 0 l< [N a 2 S 0 4 ]< l 0  M  indicating that SO 4 2  has 
little tendency to lon-pair w ith the osm ium  centers Therefore, N a 2 S 0 4  is a 
suitable sw am ping electrolyte It is interesting to note that m  the presence o f
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N a 2 SC>4 electrolyte alone, even at low concentrations, the m onolayer becom es 
unstable and desorbs from  the electrode surface over a period o f  m inutes 
H ow ever, w hen both N a 2 S 0 4  and L 1 CIO 4  are present in the electrolyte solution, 
the perchlorate appears to stabilise the m onolayer and it rem ains stable for periods 
o f  hours This may be due to a specific ion association betw een the osm ium  m etal 
centre and the perchlorate ion
For 0 1 <[L iC 1 0 4 ] < 1  0 M, the peak shapes and heights are insensitive to changes 
in the electrolyte concentration How ever, as illustrated m Figures 3 5 and 3 6 , 
E°' shifts in a negative potential direction as the L 1 CIO 4  concentration increases 
indicating that it becom es increasingly easier to oxidize the osm ium  redox centre 
at higher electrolyte concentrations This behavior is consistent w ith ion-pairing 
betw een the perchlorate and the redox center 1 4  The theoretical slope o f  this sem i­
log plot is (59/p) m V/decade, where p is the difference m the num ber o f  anions 
pairing w ith the oxidized and reduced form s o f  the redox centre This is 
described in the follow ing N ernstian relationship
[O s(bpy)24 -  tetC l]+( d 0 4 ' J - e ‘ + p ( c i0 4 )
(3 5)
▼
[O s(bpy)2 4 -  tetC l]2 +( d 0 4’ )^ +p
In this relationship, both redox form s are considered to take part in the ion-pairing 
equilibrium  The slope determ ined for [Os(bpy ) 2  4-tet C l]+ m onolayers was 
51 ± 6  mV indicating that a single additional anion becom es bound to the redox 
center in the oxidized state 1 4
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F ig u re  3 5 D ependence o f  the voltam m etric response o f  a tetrazine m onolayer 
adsorbed on a 12 5 j^m gold m icroelectrode on the electrolyte concentration 
L ithium  perchlorate concentrations are (from  left to right) 0 1 , 0 2 , 0 4 , 0 6  and 
1 0 M  L 1 CIO 4  The concentration o f N a 2 SC>4 m each solution is 1 0 M
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F ig u re  3 6  D ependence o f  the form al potential o f  the O s2+/3+ redox reaction 
w ithm  an adsorbed m onolayer o f [Os(bpy ) 2  4-tet C l]+ on the concentration o f  
perchlorate electrolyte All m easurem ents were perform ed m a constant 
background electrolyte o f  1 0 M  N a 2 S0 4
♦
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3 4 4 EFFECT OF pH ON THE REDOX FORMAL POTENTIAL
In this study, one o f  the m ajor goals is to probe the effects o f  protonation on 
heterogeneous electron transfer dynam ics across electrode/m ono layer interfaces 
The pK a o f [Os(bpy ) 2  4-tet C l]+ in solution has been determ ined (Section 
2 3 4 1 1) as 2 6±0 2 By exam ining the effect o f protonation o f the tetrazine 
ligand, w hen incorporated as a m onolayer at an electrode surface, it is possible to 
gam  an insight into the site o f  protonation, as well as the effects o f  ligand 
protonation on the therm odynam ic facility o f  the redox process
Figure 3 7 shows the effect o f  decreasing the contacting electrolyte pH  on the 
voltam m etnc response o f  [Os(bpy ) 2  4-tet C l]+ m onolayers The form al potential 
o f  the O s2+/3+ redox reaction shifts from  0 136 to 0 284 V as the pH is 
system atically decreased from  5 47 to 0 59 A sim ilar behavior is observed for 
both the com plex m solution and for m echanically attached solid state deposits , 2 5  
where E°' shifts m a positive potential direction by approxim ately 150 mV upon 
protonation o f the tetrazine ligand This pH sensitive E 0' contrasts w ith [Os(bpy ) 2  
4,4 '-trim ethylenedipyridine C l]+ m onolayers , 2 6  and is consistent w ith protonation 
occurring at the tetrazine rather than the pyridine site
The shift in E°' to m ore positive potentials at low pH indicates that it is m ore 
difficult to create the Os3+ species when the tetrazine is protonated Both a 
reduced electron donating ability o f the protonated ligand and a h igher overall 
positive charge on the m onolayer are likely to contribute to this effect The shift 
o f  the formal potential w ith pH  m ay also provide an insight into the pK a o f  the 
ligand, w hen incorporated as a m onolayer The inset o f  Figure 3 7 illustrates the 
effect o f  pH on the form al potential An inflection in the data is observed at the 
solution phase pK a (2 6 ), suggesting that the surface-confined pK a m ay be sim ilar 
to that w hen in bulk solution Capacitance data can provide further insights into 
this and is described m the follow ing sections
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F ig u re  3 7 Effect o f the electrolyte pH  on the voltam m etnc response o f an [Os 
(bpy ) 2  4-tet C 1 JC 1 0 4  m onolayer adsorbed on a 12 5 j.im radius gold 
m icroelectrode The scan rate is 1 V s 1 and the supporting electrolyte is 1 0 M  
L 1 CIO 4  The electrolyte pH was adjusted by adding concentrated H CIO 4 or 
N aO H  The pH  values are (from  left to right) 0 60, 2 00, 2 59, 2 95, 4 10, and 
5 47 C athodic currents are up and anodic currents are down
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3 4 5 INTERFACIAL CAPACITANCE MEASUREMENTS
Im m obilisation o f this com plex w ithin organised m onolayers m ay affect both the 
local dielectric constant and the electron density o f  the ligand Both o f  these 
effects m ay affect the pK a o f the tetrazm e ligand Capacitance m easurem ents m ay 
provide an insight into these issues, as well as providing an alternative to the 
form al potential data described above for estim ation o f  the pK a o f  the ligand, 
w hen incorporated w ithin a m onolayer There are tw o lim iting cases for the 
potential profile across an adsorbed m onolayer In the first, the m odified 
electrode can behave sim ilarly to an unm odified electrode so that all o f  the 
applied potential is dropped close to the electrode surface This is illustrated in 
Figure 3 8 A In this case, the im m obilised redox centre does not experience a 
large electric field
A B
F ig u re  3 8  The two lim iting cases for the potential profile across an adsorbed 
m onolayer
In the second situation, as discussed by Sm ith and W hite , 2 7  if  an im perm eable 
m onolayer that has a low  dielectric constant is adsorbed at the surface, the 
potential m ay decay linearily across the m onolayer and then exponentially  in the 
solution This is illustrated m Figure 3 8 B In this case, the im m obilised  redox
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centres w ould experience a large electric field  By probing the interfacial 
capacitance, an insight into the applicability o f  either m odel can be obtained
For the m odel illustrated in Figure 3 8 B, the capacitance o f  bo th  the m onolayer, 
Cmono, and the diffuse layer, C m , contribute to the total differential capacitance, 
C t, as given by Equation 3 6
CT_1 = Cmono- ' + Cdif"' (3 6 )
The film  capacitance is given by
Cmono “  £()Sfilm/d (3  7 )
w here 8 0  is the perm ittivity o f free space, Sfiim is the dielectric constant o f  the film , 
and d is the thickness o f  the m onolayer
The differential capacitance as determ ined using cyclic voltam m etry at a potential 
o f  - 0  150 V is independent o f  the perchlorate concentration 0 2 <[L iC 1 0 4 ]£ l  0 M 
This result suggests that for high electrolyte concentrations the diffuse layer 
capacitance becom es sufficiently large so that it no longer contributes 
significantly to C t U nder these circum stances C t ~  C m0no and the lim iting 
m terfacial capacitance, 39  5 ± 3  6 (iF c m 2, can be used in conjunction w ith 
Equation 3 7 to estim ate the dielectric constant o f  the film  Energy m inim ized 
m olecular m odeling indicates that a fully extended m onolayer is approxim ately 17 
A  thick yielding a m onolayer dielectric constant o f  75 9 ± 6  9 This value is 
indistinguishable from  that o f  bulk water, 78 5, and is consistent w ith  a well 
solvated m onolayer that is perm eable to electrolyte 1 0 ns
A lternatively, the double layer m ay set up w ithin the m onolayer (Figure 3 8A), in 
w hich case the m terfacial capacitance corresponds to the capacitance o f  the 
charges held at the outer H elm holtz plane A s the distance o f  closest approach is
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likely to be o f  the order o f  3 A, the dielectric constant w ith in  the double layer 
w ould have to decrease from  the value o f  78 5 for bulk w ater to approxim ately 
13 4 before a lim iting m terfacial capacitance o f  39 5 \iF c m 2  w ould be observed 
(Equation 3 7) This w ould indicate the presence o f  an im perm eable m onolayer at 
the electrode surface Therefore, these data do not conclusively allow  an insight 
into w hich o f  the m odels (Figure 3 8  A or B) best describes the potential profile 
across the m onolayers It is concluded that the interior o f  the m onolayer is at least 
partially solvated at high concentrations o f  electrolyte This is consistent w ith the 
observation that the form al potential o f  the redox reaction is sim ilar for the 
osm ium  centres w hen in solution and w hen incorporated as m onolayers
Sm ith and W hite have further developed this m odel to describe the effects o f  
m onolayer protonation on the interfacial capacitance 2 8  This approach has been 
successfully used by Bryant and Crooks to determ ine the surface pK a for pyridine 
derivatives adsorbed on gold e lec tro d es 2 9  In this m odel, the total m terfacial 
capacitance depends on the m onolayer capacitance, the diffuse layer capacitance, 
and the degree o f  protonation o f  the m onolayer, C(f), according to Equation 3 8
CT 1 = Cmono 1 + [Cd,f + C(f) ] 1 (3 8 )
A ssum ing that Cmono rem ains constant, the term  [C m  + C ( f ) ] 1 varies w ith 
potential and w ith  the solution pH  As the pH o f the contacting solution is 
altered, C(f) reaches a local m axim um  near the pK d, and a m axim um  is observed 
in the total m terfacial capacitance Figure 3 9 shows the effect o f  system atically 
varying the pH  o f  the contacting solution on the differential capacitance for 
1 10<pH<7 50 All changes m  the capacitance w ere confirm ed to be reversible by
i
first decreasing and then increasing the pH  o f  the supporting electrolyte The 
shape o f the curve agrees w ith that predicted by theory 2 8  and yields a surface pK a 
o f  2 7±0 6  Consistent w ith a highly solvated m onolayer, this value agrees closely 
w ith that determ ined using pH  induced changes in the m etal-to-ligand-charge-
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transfer (M LCT) band observed for the com plex dissolved m essentially  aqueous 
m edia (2 7±0 2 ) 2 5
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PH
F ig u re  3 9 D ependence o f  the differential capacitance for a m onolayer o f  
[Os(bpy ) 2  4-tet C1]C104 at a 25 j-im gold m icroelectrode on the pH o f  the 
contacting electrolyte solution ( 1  M L 1 CIO 4 )
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3 4 6 POTENTIAL DEPENDENT RAMAN SPECTROSCOPY
Potential dependent R am an spectroscopy was carried out in order to identify any 
structural changes that accom pany redox sw itching o f  [O s(bpy ) 2  4-tet C 1 ]C 1 0 4  
m onolayers Surface enhanced Ram an spectroscopy, SERS is particularly  useful 
as the enhanced sensitivity o f this m ethod allow s a pow erful insight into the 
m onolayer structure, e g , packing density and adsórbate orientation, to be 
obtained 3 0  In this application, surface enhanced ram an spectroscopy has been 
used to characterise the effects o f  oxidation o f the O s2+ m etal centres on the 
bonding betw een the osm ium  m etal centre and the various ligands
The m icroscope Ram an technique em ployed here allow s the laser to be focused 
onto the m odified surface elim inating any contribution from  the supporting 
electrolyte or the electrode shroud Figures 3 9 A  and B show the R am an spectra 
for [Os(bpy ) 2  4-tet C 1 JC 1 0 4  m onolayers im m obilized on a roughened gold 
m acroelectrode at -0 200 and 0  500 V vs A g/A gC l, respectively, where the 
supporting electrolyte is 0 1 M  L 1 CIO 4  The U V -visible spectrum  o f this com plex 
indicates that the exciting HeN e laser (632 8  nm ) is preresonant with the M LCT 
(Os(II)-bpy*) transition (Section 2 3 4 1)
The resonance effect is confirm ed through enhancem ent o f  features at 1605, 1553, 
1482, 1320, 1268, 1170, 1015 and 669 cm 1 all o f  w hich are associated w ith the 
bipyridyl m oieties 2 5  3 1  The features observed at 1206, 1042 and 848 cm  1 and a 
shoulder at 1607 cm  !are associated w ith  the 4-tet ligand 2 5  A w eaker feature at 
380 cm 1 is associated w ith the Os-N stretch 2 5  O xidation results in quantitative 
loss o f  Os-N m odes and 4-tet m odes H ow ever, w hile oxidation significantly 
changes the relative intensities o f  the bipyridyl m odes they persist after the 
m onolayer is oxidized
Figures 3 10 A  and B illustrate the Ram an spectra o f a dense m onolayer at -0 200 
and 0  500 V, respectively, where the supporting electrolyte is 0  1  M  H CIO 4
152
V ibrational features associated with the Os(bpy ) 2  rem ain relatively unperturbed 
by the presence o f acid How ever, consistent w ith protonation, the 4-tet feature at 
848 cm  1 disappears in low pH  electrolyte and the band overlapping the bpy m ode 
at 1606 cm  1 is resolved
O xidizing the m onolayer has a sim ilar im pact on the R am an spectra in both 
neutral and low  pH  electrolytes Specifically, the low  frequency Os(II)-N  
v ibration collapses indicating efficient oxidation o f  all the m etal centers and 
changes are observed in the relative intensities o f  all bpy m odes U pon oxidation 
o f  the osm ium  metal centres, the M LCT m odes are lost This is consistent w ith a 
reduced electron donating ability o f  the oxidised osm ium  m etal centres 
Therefore, the exciting laser is no longer pre-resonant w ith  the M LC T transition 
H ow ever, the fact that the bpy bands continue to be observed after oxidation o f  
the m etal centres indicates that the laser has becom e pre-resonant w ith another 
transition A fter oxidation, the laser becom es pre-resonant w ith a bpy*-Os ligand 
to m etal charge transfer, LM CT, transition , 2 5  resulting in the appearance o f  the 
bpy based features after oxidation o f  the film
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F ig u re  3 9 Potential controlled Ram an spectra o f  [Os(bpy ) 2  4 tet C1]C104  
m onolayers on a gold m acrodisc electrode where the supporting electrolyte is 
0 1 M  N aC 1 0 4  (pH 6 ) (a) 0 200V (b) 0 500 V The w avelength o f  the exciting 
H e-Ne laser is 632 8  nm  B indicates features associated w ith bipyndyl m oieties 
and T indicates features associated w ith the tetrazine m oiety
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F ig u re  3 10 Potential controlled Ram an spectra o f  [Os(bpy ) 2  4 tet C 1 ]C 1 0 4  
m onolayers on a gold m acrodisc electrode w here the supporting electrolyte is 
0 1 M H C 10 4  (pH 1) (a) 0 200V  (b) 0 500 V The w avelength o f  the exciting He- 
N e laser is 632 8  nm  B indicates features associated with bipyridyl m oieties and 
T indicates features associated w ith the tetrazine m oiety
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3 4 7 HETEROGENOUS ELECTRON TRANSFER DYNAMICS
Redox active bridging ligands are im portant in that they offer the possib ility  o f  
significant virtual coupling (superexchange) depending on the difference betw een 
the redox potentials o f  the bridge and rem ote redox centres E lectron transfer via 
superexchange m ay be the dom inant m echanism  if  the LU M O  o f  the bridge is 
sim ilar m  energy to the acceptor states o f  the rem ote redox centre This pathw ay 
predom inates because the closeness o f  the bridge and redox centre energies acts to 
reduce the activation barrier to electron tunnelling In contrast, i f  the O s^ -  
H O M O  separation is relatively sm aller, then HO M O m ediated hole transfer will 
contribute significantly to the redox sw itching m echanism
The present system  is particularly attractive for investigating this issue for two 
reasons First, the tetrazine ligand undergoes a reduction reaction w ithin an 
electrochem ically  accessible potential w indow  Second, the HO M O  and LUM O 
levels o f  the bridging ligand can be altered by adjusting the pH o f  the supporting 
electrolyte, 1  e , protonation will decrease the electron density on the bridge 
sim ultaneously m aking it m ore difficult to oxidize but easier to reduce 
Therefore, unlike traditional alkane-thiol m onolayers in w hich bridge states can 
be m odulated only by synthetically changing the structure, e g , by introducing a 
heteroatom , 3 2  this tetrazm e offers the possibility o f  altering the proxim ity  o f  
bridge and m etal states by a sim ple change in the chem ical com position o f  the 
solution
For a non-adiabatic reaction, the standard heterogeneous electron transfer rate 
constant, k°, depends on both a frequency factor and a Franck-C ondon barrier 
(Section 1 2 3 ) 3 3 3 4 3 5
k °  = u e i ex p (-A G * /R T ) (3 9)
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w here u ei is the electron hopping frequency and AG* is the electrochem ical free 
energy o f  activation 3 6
It is im portant to decouple the free energy and pre-exponential term s since the 
effect o f  changing bridge states will be reflected m u ei rather than AG* One 
approach to decoupling these two contributions is to use classical tem perature- 
resolved m easurem ents o f  k° to m easure the free energy o f  activation, AG*, 
allow ing u ei to be determ ined In this way, inform ation about the strength o f
7 f\
electronic coupling can be obtained A second m ethod involves m easuring 
electron-transfer rate constants at a single tem perature over a broad range o f
17  1 n
reaction driving forces For exam ple, Finklea, Chidsey, Creager and 
M urray , 3 9  have assem bled non-adiabatic electron tunneling m odels that provide a 
good description o f electron tunneling in m onolayers o f  this kind 4 0 4 1  In this 
m odel, the cathodic rate constant is given by integral over energy (s) o f three 
functions (a) the Fermi function for the m etal n(s), (b) a G aussian distribution o f  
energy levels for acceptor states in the m onolayer D ox(s), and (c) a probability 
factor for electron tunneling, P
The zero point o f  energy is defined as the Fermi level o f the m etal at the particular 
overpotential o f  interest The Fermi function describes the d istribution o f  
occupied states w ithin the m etal and is defined by
where kß is the Boltzm ann constant The density o f  acceptor states is derived
00
koxOi) = A jDox(e) n(£) p de (3 10)
(3 11)
from  the M arcus theory , 4 2  and is represented by Equation 3 1 2
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D 0x (s) = exP
(e+ ri -  %y 
4kA.T
(3 12)
w here X is the reorganization energy The distance dependent probability  o f  
electron tunnelling is given by Equation 3 13
P = e x p (-p d ) (3 13)
w here d is the electron transfer distance The distance dependent tunnelling 
param eter , 1 4  (3, is taken as 1  6  A 1
The current for the reaction o f an im m obilized redox center follow ing first order
kinetics is 39
iF = nFA(koxOl) r Red n - kRed(r|) r 0x n) (3 14)
w here TRed  ^ and Tox  ^ are the instantaneous surface coverages o f  the oxidized 
and reduced species and koxCn) anc* kRedOl) are the reaction rate constants are 
given by Equation 3 10 or its com plim ent m w hich n(e) is replaced w ith (1- n(s)) 
and -X is replaced by +X m Equation 3 12 Energy m inim ized m olecular 
m odeling indicates that that the through-bond electron transfer distance is 
approxim ately 1 2  6  A Therefore, in using Equation 3 14 to m odel the 
voltam m etric response, there are only tw o freely adjustable param eters, k° and 
AG* (=X / 4) To m odel the experim ental cyclic voltam m ogram s, the N elder and 
M ead Sim plex 4 3  algorithm  has been used to find the values o f  k° and AG* that 
m inim ize the sum  square residuals betw een the theoretical and experim ental 
currents observed in anodic branches o f  the linear sweep voltam m ogram s
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As the sweep rate in cyclic voltam m etry increases to sufficiently high values, the 
voltam m etnc response o f  the m onolayers becom es influenced by the rate o f  
heterogeneous electron transfer across the m onolayer/electrode interface U nder 
the influence o f  heterogenous kinetics, the observed AEP values increase as the 
scan rate is increased This behaviour contrasts w ith that observed at low  scan 
rates, w here AEP is independent o f v and AEP = 60 mV Figure 3 11 illustrates the 
typical vo ltam m etnc response  o f  these m onolayers at high scan rates A t a scan 
rate o f  800 Vs *, the observed AEP is 130 m V As discussed previously (Section
2 2 4), by carefully selecting the electrode radius and by using concentrated 
electrolytes, it is possible to keep the iR  drop to less than a couple o f  m illivolts 
even at high scan rates 6 The estim ated iR  drop at the fastest scan rate show n in 
Figure 3 11 is 30 m V  Therefore, the observed behaviour is due to the influence 
o f  heterogenous electron transfer across the m onolayer/electrode interface Figure
3 12 shows the effect o f  changing the electrolyte pH  from  6  0 to 0 9 on the 
experim ental background corrected cyclic voltam m ogram s for dense [Os(bpy ) 2  4- 
tet C l]+ m onolayer deposited on a 5 |im  radius gold m icroelectrode where the scan 
rate is 1333 V s 1
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F ig u re  3 11 Effect o f increasing scan rate on a spontaneously adsorbed 
m onolayer o f  [Os(bpy ) 2  4-tet C l]+ at a 25 \xm gold m icroelectrode The 
background electrolyte is 1 0 M  LiC 1 0 4  The scan rates are (from  top to bottom ) 
800, 667 and 571 Vs 1
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F ig u re  3 12 Cyclic voltam m ogram s for a spontaneously adsorbed [Os(bpy ) 2  
4-tet Cl]+ m onolayer on a 5 |nm radius gold m icrodisc electrode w here the scan 
rate is 1333 V s 1 Theoretical fits to the data using a non-adiabatic electron 
tunneling m odel at electrolyte pH values o f  0 9 and 6  0 are denoted by o and □, 
respectively In both cases X is 27 kJ m o l 1 w hile k° is 1 l x l 0 3 and 1 l x l 0 4 s 1 at 
pH  values o f  0 9 and 6  0, respectively
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T a b le  3 2 Standard H eterogeneous E lectron T ransfer R ate Constants, k°, 
Free Energies o f  A ctivation, AG* and Pre-exponential Factors for the M etal 
Based Redox Reaction W ithin [Os(bpy ) 2  4-tet C l]1+/2+ M onolayers at D ifferent 
^Values o f  Electrolyte pH  a
pH 1 0 4  k° / s " 1 AG* / 
k J  m o l 1
1 0 5 UC| /
s 1 ’ 6
hab/
k J  m o l 1
0 87 1 15±0 25 9 2±0 4 4 7±0 8 0 4110 04
6  0 1 0 1 2 + 0  0 2 114+ 0  3 1  2 ± 0  1 0  2 1 1 0  0 1
a Standard deviations are for at least three individual m onolayers The supporting 
electrolyte is aqueous 1 0 M  L 1 CIO 4
b Pre-exponential factor extracted from the standard heterogeneous electron 
transfer rate constant using AG*
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Figure 3 12 shows that satisfactory agreem ent is observed betw een the 
experim ental and theoretical anodic peak potentials and peak currents 
Significantly, for both pH  values the optim um  AG* was 10 3±1 1 kJ m o l 1 
indicating that the local m icroenvironm ent around the [O s(bpy)2 Cl]+ m oiety 
rem ains largely unchanged by protonating the tetrazm e ligand H ow ever, the 
quality o f  the fit shown in Figure 3 12 is not particularly sensitive to AG*, e g , 
increasing AG* by 25 % increases the residual sum  o f  squares betw een the 
predicted and experim ental peak currents by less than 10% Therefore, while 
fitting o f  the cyclic voltam m ogram s can provide a convenient approach for 
determ ining k°, for this system  it appears to provide only an approxim ate value 
for AG* In contrast, the quality o f the fit is very sensitive to k° w hich directly 
influences both the peak shape and half-w ave potential
An im portant test o f  the reliability o f  the standard heterogeneous electron transfer 
rate constants obtained is to investigate the scan rate dependence In this way, an 
insight into the dispersion in the kinetics can be obtained The best fits for 
voltam m ogram s recorded at scan rates betw een 800 and 4000 Vs 1 range from  0 9 
to 1 4 x l0 4  s 1 and 1 0 to 1 4x103 s 1 where the electrolyte pH  is 6  01 and 0 87, 
respectively These results indicate that the m onolayers are acceptably kinetically 
m onodisperse The dispersion that is observed m ay be due to the concentration 
dependent destabilising interactions found m the isotherm  and the rather broad 
peaks observed in the slow scan rate cyclic voltam m ogram s
Perhaps the m ost significant conclusion o f  Figure 3 12 is that heterogeneous 
electron transfer is slow er for the protonated than for the deprotonated system 
The optim um  value o f k° decreases by an order o f m agnitude from  1 1x104  s 1 to 
1 2x10 3 s 1 when the tetrazm e ligand is protonated In bridge m ediated redox 
reactions o f  this type, the electronic pathw ay is determ ined by the relative gaps 
betw een the m etal dn  orbital involved m the redox step and the H O M O  and 
LU M O  o f  the bridge Protonation decreases the electron density on the tetrazm e 
shifting both the bridge oxidation and reduction potentials in a positive potential
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direction, 1  e , sim ultaneously m aking it m ore difficult to oxidize but easier to 
reduce the bridge The fact that a significant decrease  in k° is observed indicates 
that it is the bridge H O M O  that m ediates the redox process, 1 e , the larger d7i- 
H O M O  separation in the protonated tetrazine causes k° to decrease This H O M O  
m ediated hole transfer m echanism  is consistent w ith studies on related m ixed 
valence com plexes, w hich suggest that electron rich 7r-donating linkers o f  this 
type support hole superexchange reactions 4 4  As illustrated in Figure 3 13, the 
hole is directed through the HO M O  orbital o f  the bridge, creating a “v irtual” high 
energy state Therefore, the energy difference betw een the m etal and bridge will 
directly im pact the rate o f  electron transfer across the bridge In the follow ing 
section, the energy difference betw een the m etal and the bridge are probed and 
this m ay provide an insight into the expected change in k° upon protonation o f  the 
4-tet ligand
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F ig u re  3 13 Proposed direction the hole through the H O M O  o f  the bridge
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3 4 71  DRIVING FORCE FOR SUPEREXCHANGE
The relative energy gaps betw een the m etal cfri orbital and the H O M O  and LU M O 
o f  the bridge determ ine not only the m ode o f  superexchange (hole or electron 
superexchange) but also the rate o f superexchange The energy gaps betw een the 
m etal dn  orbitals and the HO M O and LUM O o f the bridge have been probed 
using cyclic voltam m etry The voltam m etric response o f  the 4-tet ligand in 
acetom tnle  solution over the potential range - 2  to +2 V is illustrated in Figure 
3 14 The voltam m etric response over the range -1  6  V to - 0  4 V is illustrated in 
Figure 3 15 The reduction o f the ligand (4-tet0/*~) is observed at a formal 
potential o f approxim ately - 0  966 V vs A g/A g+ The form al potential o f  the 
ferrocene/ferrocm ium  couple at this reference electrode was 0 111 V Therefore, 
the form al potential o f the 4-tet0/# couple, w hen corrected to the Ag/AgCl 
reference electrode is approxim ately -1  260 V 4 5  The electrochem ically 
accessible potential w indow , w hen adjusted for the Ag/AgCl reference electrode 
is approxim ately - 2  290 V to +1 710 V W ithin this electrochem ically accessible 
w indow , the oxidation o f the ligand (4-tet0/+) was not observed
Therefore, the m etal du orbitals (E0' = 0 245 V vs A g/A gCl) and the LUM O o f  
the bridge are separated by approxim ately 1 5 Volts, while the m etal d 7i orbitals 
and the bridge HO M O are separated by at least approxim ately 1 465 V This 
result indicates that it is not possible to accurately determ ine the energy gap 
betw een the m etal dn; orbitals and the HO M O Therefore, it is not possible to 
directly assign a superexchange m echanism , or predict the change expected in k° 
upon protonation o f  the bridging ligand, based on the relative energy gaps 
betw een the electronic energies o f the m etal orbitals and the bridge states 
H ow ever, based on the effects o f  protonation on k° described above, it appears 
that the redox process does occur via the H O M O  o f the bridge
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F ig u re  3 14 The solution phase voltam m etric response o f  a 2 m M  solution o f  
the 4-tet ligand The supporting electrolyte is 0 1 M  tetrabutyl am m onium  
tetrafluroborate in acetom trile The platinum  electrode radius is 1 m m  and the 
scan rate is 0 5 Vs 1 The potential lim its are - 2  0 V to + 2  0 V
2 5 1 5 0 5 -0 5 -1 5 -2
E / V
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F ig u re  3 15 The solution phase voltam m etric response o f  a 2  m M  solution o f  
the 4-tet ligand The supporting electrolyte is 0 1 M tetrabutyl am m onium  
tetrafluroborate in acetom trile The platinum  electrode radius is 1 m m  and the 
scan rate is 0 5 Vs 1 The potential lim its are -1  6  V to - 0  4 V
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3 4 7 2 GROUND VERSUS EXCITED STATE ELECTRON TRANSFER
In the preceding section, it has been show n that the energy levels o f  the 4-tet 
bridging ligand can be altered by a sim ple change m  pH o f the contacting 
electrolyte solution By using bridging ligands that contain m etal centres it m ay 
also be possible to exert control over the rate o f  electron transfer by a sim ple 
change m  the oxidation state o f the bridge This has recently been explored by 
Forster and Keyes 4 6  The electron transfer dynam ics w ithin m onolayers o f  a 
dim eric com plex, the structure o f w hich is illustrated m Figure 3 16, were 
described This dim eric com plex was interesting m that it contains the sam e 
tetrazine bridge as the m onom eric com plex described m  this chapter Therefore, 
photochem ical studies o f  this com plex offer the opportunity o f  directly com paring 
ground state and excited state electron transfer rates
It was found that the rate o f  photoinduced electron transfer across the tetrazine 
bridge was 1 6  x 107 s 1 The driving force o f this photochem ically  driven 
reaction was determ ined using the excited state redox potentials, calculated using 
Equations 3 15 and 3 16
E °* o x  = E°ox + E 00 (3 15)
E 0* red =  E ° red +  E 00 (3  16)
w here E°ox and E°red are the form al potentials associated w ith the first oxidation 
(O s2+/3+) and reduction (bpy/bpy ) o f the lum inescent m oiety m the ground state 
and E 0 0  is the energy difference betw een the lowest vibrational levels o f  the 
ground and excited states U sing electrochem ically determ ined values o f  + 0 280
and -  1  320 V for E°ox and E°red and a spectrom etncally  determ ined value o f  1  67
eV for E 00, values o f  -  1 39 and + 0 35 V w ere determ ined for E°*0x and E°*red 
respectively, using equations 3 15 and 3 16
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The driving forces for the reductive and oxidative reactions w ere determ ined 
using Equations 3 17 and 3 18
AG°0x = E°*ox - E°red (3 17)
AG°red =  E°0x -  E°*red (3 18)
The driving forces for the oxidation and reduction reactions were identical (70
m V), preventing the authors from  elucidating the m echanism  o f  quenching o f  the
excited state
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F ig u re  3 16 Structure o f  the dim eric com plex used to form  m onolayers for the 
study o f  excited state electron transfer dynamics, reported by Forster 4 6
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For the m onolayers described in this chapter, at a driving force o f  70 mV, the rate 
o f  hole transfer across the tetrazine bridge is 4 0 x 104  s 1 Therefore, the electron 
transfer rate for the ground state reaction is approxim ately 400 tim es sm aller than 
that found for the photoinduced electron transfer reaction It m ay be possible that 
the [4-tet O s(bpy ) 2  Cl]"*" m oiety w ithin the dim er creates a favourable vibrom c 
deactivation pathw ay in the photoinduced electron transfer reactions, causing an 
overestim ation o f  k°
The authors also proposed that the difference in the rates o f reaction betw een the 
ground and excited states was due to the relative energy gaps betw een the m etal 
d7i orbitals and the bridge levels It was found voltam m etncally  that the tetrazine 
bridge (in the dim eric com plex) was reduced at potentials close to -  2 0 V 
Therefore, in the ground state the form al potentials o f  the m etal based redox 
reaction and the tetrazine bridge (4-tet0/* ) were separated by approxim ately 2 3 V  
In the excited state, oxidation o f  the excited state (bpy*) may cause quenching In 
this case, the donor/acceptor and bridge are all w ithm  0 5 V o f  each other This 
enhanced proxim ity o f  the m etal dn  orbitals and the LU M O  o f  the bridge may 
have enhanced the rate o f electron transfer observed in the photoinduced reaction
How ever, this analysis does not consider the relative energy gap betw een the 
m etal dn  orbitals and the HO M O o f  the bridge in the ground state As described 
above, electron rich 7i-donating bridges o f this type have been show n to support 
hole superexchange This has been supported by the data presented in this chapter 
concerning the effects o f protonation on k° across the tetrazine bridge The 
authors assum ed that the superexchange m echanism  was an electron 
superexchange The separation betw een the m etal dn  orbitals and the bridge 
levels m ay not be 2 3 V, but a low er value depending on the energy o f  the bridge 
HO M O  This was not investigated by the authors
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3 4 7 3 E L E C T R O N IC  CO UPLIN G  A C R O SS TH E 4-T E T  BR ID G IN G  
LIG A N D
A challenging issue in this area is to determ ine the extent to w hich orbitals on the 
gold electrode and on the osm ium  redox centre interact and how  this interaction 
com pares w ith  m olecular com ponents interacting across sim ilar bridges 
E lectronic interaction o f the redox orbitals and the m etallic states causes splitting 
betw een the product and reactant hypersurfaces which is quantified by H ab, the 
m atrix coupling elem ent The Landau-Zener treatm ent o f  a non-adiabatic 
reaction yields Equation 3 19
Del = (2H a b 2  /  h) (7t3  / X R T ) I / 2  (3 19)
w here h is P lanck’s constant The m atrix coupling elem ent has been determ ined 
for each o f the electrode m aterials and the results have been presented in Table 
3 2 (Section 3 4 6 ) The fact that H a b  i s  less than 1 kJ m o l 1 confirm s that the 
system  is always charge localized and non-adiabatic irrespective o f  the extent o f 
protonation o f  the bridge 3 6  However, the observation that H A b  i s  approxim ately 
tw ice as large for the deprotonated than for the protonated ligand suggests that the 
extent o f  electronic coupling across the bridge is greater m  the deprotonated state
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3 5 CONCLUSIONS
Stable close-packed m onolayers o f  [Os(bpy ) 2  4-tet C 1 JC 1 0 4 , w here bpy is 2 ,2 '- 
bipyridyl have been form ed on gold m icroelectrodes, bpy is 2 ,2 'bipyridyl and 4- 
tet is 3 ,6-bis(4-pyridyl)-l,2 ,4 ,5-tetrazine The adsorbed m onolayers exhibit well 
defined voltam m etric responses for 0 5<pH<8 0 Probing the pH  dependence o f 
the m terfacial capacitance reveals that the tetrazine bridging ligand is capable o f  
undergoing a protonation/deprotonation reaction w ith  a pK a o f 2  7±0 6  This 
value is indistinguishable from  that found for the com plex in solution
Cyclic voltam m etry at scan rates up to 4000 V s 1 has been used to probe the rate 
o f  heterogeneous electron transfer across the m onolayer/m icroelectrode interface 
M odeling the cyclic voltam m ogram  suggests that redox sw itching proceeds via a 
non-adiabatic through-bond tunneling m echanism  Significantly, protonating the 
tetrazine ligand decreases the standard heterogeneous electron transfer rate 
constant by a order o f  m agnitude from  1 15±0 25 to 0 1 2 =fc0  0 2 x l0 4  s 1 This 
observation is consistent w ith m ediating electronic states w ithin the bridging 
ligand (superexchange) playing an im portant role in the redox sw itching process 
Specifically, the results suggest that hole transfer is m ediated through the highest 
occupied m olecular orbital (HOM O ) o f the tetrazine ligand Protonating the 
bridge reduces its electron density thus raising the energy o f the bridge HO M O  
relative to the hole acceptor states o f  the osm ium  and decreasing the standard rate 
constant
The m atrix coupling elem ent has been determ ined for this system  and indicates 
that the system  is non-adiabatic, regardless o f the degree o f  protonation o f  the 
bridge The m atrix coupling elem ent is approxim ately tw ice as large for the 
deprotonated state than for the protonated state, suggesting that the extent o f  
electronic coupling across the bridge decreases upon protonation o f  the bridge
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/The rate o f  electron transfer across this tetrazine bridge has been com pared w ith 
the photochem ically  driven rate o f electron transfer across the sam e bridge 
Significantly, for the sam e driving force, the rate for the excited state process ( 1  6  
x 107 s l) was approxim ately 400 tim es that observed for the ground state process 
studied here (4 0  x 104 s ]) This observation suggests that the proxim ity  o f  the 
donor/acceptor and bridge states in the photoim duced electron transfer reaction 
enhances the rate o f  electron transfer H ow ever, due to the lack o f  data regarding 
the oxidation potential o f  the bridge, the actual proxim ity betw een the m etal drc 
orbitals and the m ediating bridge levels has not been calculated
175
3 6 REFERENCES
1 Bixon, M  , Jortner, J , M ichel-Beyerle, M  E Biochim Biophys Acta,
1 9 9 1 ,1056 , 301
2 Sek, S , B ilew icz, R  , J  Electroanal Chem , 2001, 509 , 11
3 W eaver, M  J Chem Rev 1992, 92, 463
4 Forster, R J J  Electrochem Soc , 1 9 9 7 ,144 , 1165
5 M cConnell, H M J  Chem Phys 1961, 35 , 508
6  Forster, R  J /n o rg  1996, 55, 3394
7 Fanm , S , Keyes, T E , Cam pagna, S , Vos, J G , Inorg Chem , 1998, 37 , 
5933
8  B am gelh tti, F , De Cola, L , Balzam , V , Hage, R , H aasnoot, J G ,
Reedijk, J , Vos, J G , Inorg Chem , 1991, 30, 641
9 Keyes, T E , Forster, R  J , Jayaw eera, P M  , Coates, C G , M cG arvey, J
J , Vos, J G Inorg Chem , 1998, 37, 5925
10 Chidsey, C E D Science,1 9 9 1 , 2 5 1 ,9 1 9
11 M iller, C , G ratzel, M  J  Phys Chem 1991, 95, 5225
12 Bixon, M  , Jortner, J , J  Phys Chem B , 2 0 0 0 ,104, 3906
13 Bard, A J and Faulkner, L R , “Electrochem ical M ethods Fundam entals 
and A pplications”, W iley, N ew  York, 1980
14 Forster, R J , Faulkner, L R  J  Am Chem Soc 1 9 9 4 ,116, 5444
15 Forster, R  J , Keyes, T E , Vos, J G , Analyst, 1 9 9 8 ,123, 1905
16 Feldberg, S W , Rubinstein, I , J  Electroanal Chem , 1988, 240, 1
17 Trassati, S J  Electroanal Chem , 1974, 53, 335
18 Forster, R  J , Keyes, T E J  Phys Chem B, 1998, 102 , 10004
19 Forster, R  J , O ’Kelly, J P J  Electrochem Soc m press
20 Goodw in, H A , Kepert, D L , Patrick, J M , Skelton, B W  , W hite, A 
H A ust J Chem  1984 ,3 7 ,  1817
21 Ferguson, J E , Love, J L , Robinson, W T Inorg Chem 1 9 7 2 ,11, 1662
22 Creager, S E , Rowe, G K , Anal Chim Acta , 1991, 246 , 233
23 Row e, G K , Creager, S E , Langmuir, 1991, 7, 2307
176
24 N agam ura, T , Sakai, K , J  Chem S o c , Faraday Trans , 1988, 84 , 3529
25 Forster, R  J , Keyes, T E , Bond, A M  , J  Phys Chem  B, 2 0 0 0 ,104,
6389
26 Forster, R  J , O ’Kelly, J P , J  Phys Chem  , 1 9 9 6 ,100 , 3695
27 Sm ith, C P , W hite, H S , A nal Chem  , 1992, 64, 2398
28 Sm ith, C P , W hite, H S , Langm uir , 1993, 9, 1
29 Bryant, M A  , Crooks, R  M , Langm uir , 1993, 9, 385
30 Brolo, A G , Irish, D E , Szym anski, G , L ipkow ski, J , Langm uir , 1998,
14 ,517
31 N akam oto, K , in frared  and  Ram an Spectra  o f  Inorganic and  
Coordination Com pounds, 4 th Edn , W iley, 1986
32 Cheng, J , Saghi-Szabo, G , Tossell, J A , M iller, C J , J  Am  Chem  Soc ,
1 9 9 6 ,118, 680
33 Bagchi, G ,A n n  Rev Chem , 1989, 40, 115
34 Sutin, N  , Acc Chem Res , 1 9 8 2 ,15, 275
35 Barr, S W , Guyer, K L , Li, T T -T , Liu, H Y , W eaver, M  J , J
Electrochem  Soc , 1 9 8 4 ,131, 1626
36 Brunschw ig, B S , Sutin, N  , C oord Chem Rev  , 1 9 9 9 ,187, 233
37 Finklea, H 0  , Hanshaw, D D , J  Am  Chem Soc  , 1 9 9 2 ,114, 3173
38 W eber, K , Creager, S E , A nal Chem , 1994, 66, 3164
39 Tender, L , Carter, M  T , M urray, R W , A na l Chem , 1994, 66, 3173
40 Forster, R  J , Loughm an, P J , F iggem eier, E , Lees, A C , H jelm , J ,
Vos, J G , Langm uir, 2 0 0 0 ,16, 7871
41 Forster, R J , Loughm an, P J , Keyes, T  E , J  A m  Chem Soc , in press
42 M arcus, R  A , J  Phys Chem  , 1963, 67, 853
43 Ebert, K  , Ederer, H , Isenhour, T L , Com puter A pplications in 
C hem istry A n  Introduction fo r  P C  Users, VCH Publishers, N ew  York, 
1989
44 B angelletti, F , De Cola, L , B alzani, V , Hage, R , H aasnoot, J G , 
R eedijk, J , Vos, J , G , Inorg Chem , 1989, 28, 4344
177
45 Pavlishchuk, V V , A ddison, A W  , Inorg Chim A cta  , 2000, 298, 97
46 Forster, R  J , Keyes, T  E , J  Phys Chem B , 2 0 0 1 ,105, 8829
178
SOLID STATE REDOX PROPERTIES OF TR IA ZO LE BRIDGED  
O SM IUM  BIS-BIPYRIDYL DIMERS
CHAPTER 4
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4 1  INTRODUCTION
The dynam ics o f electron transfer and m ass transport processes w ithin solids have 
only been investigated relatively recently 1 2  This situation is striking given the 
pivotal roles that solid-state redox active m aterials play m devices including 
optical detectors, energy storage, m olecular electronics, catalysts and 
sensors 3 4  5 6  7  8 ,9  1 0  H ow ever, these applications dem and that the redox 
com position o f  the solid can be rapidly switched in response to an applied 
potential, i e , diffusion o f  charge com pensating counterions through the solid 
m ust be rapid com pared to electron self-exchange betw een adjacent centres 
O sm ium  com plexes ought to be particularly useful in this regard because o f  their
stability in num erous oxidation states and very large self-exchange rate
1112constants
It was recently dem onstrated that the rate determ ining step for charge transport 
through solid-deposits o f [Os(bpy ) 2  4-bpt Cl] is lim ited by counterion diffusion
1 'X
rather than electron self-exchange How ever, using com plexes w ith bulkier side 
groups appears to increase the free volum e w ithin the solid deposit facilitating 
rapid redox sw itching rates and electron self-exchange as the rate determ ining 
step 1 4
In this chapter, solid-state deposits o f  the dim eric com plex [Os(bpy ) 2  Cl 4-bpt 
Os(bpy ) 2  C1](PF6) 2  (Figure 4 1) that are m echanically attached to a platinum  
m icroelectrode are described This com plex is insoluble in water, allow ing the 
solid state redox properties to be exam ined w hen the deposits are m contact w ith 
an aqueous electrolyte These deposits exhibit unusually ideal voltam m etric 
responses for the Os2+/3+ redox reaction The rem arkable ideality o f the 
voltam m etric response o f these m aterials allow s us to obtain an insight into charge 
transfer w ithin the solid deposit as the concentration o f  the supporting electrolyte 
is system atically varied at both high and low  pH  values M oreover, at high
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voltam m etric scan rates, the rate o f  electron transfer across the deposit/electrode 
interface influences the observed response allow ing the standard heterogeneous 
electron transfer rate constant, k°, to be determ ined Im portantly, the bridge 
betw een the two osm ium  polypyridyl groups (4-bpt) is identical to that used 
previously to determ ine heterogeneous electron transfer rates across an 
electrode/m onolayer interface 1 5  It is possible, therefore to com pare the rate o f 
heterogenous electron transfer across the electrode/solid  film  interface w ith that 
observed in m onolayers containing the same bridging ligand These studies 
provide an insight into how  the m ethod o f  attachm ent o f  m olecular m aterials onto 
m etal substrates affects the rate o f m terfacial electron transfer
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F ig u re  4 1 Structure o f  [Os(bpy)2 Cl 4-bpt O s(bpy)2 C l](PF 6 ) 2
1 8 2
4 2 MATERIALS AND REAGENTS
[Os(bpy ) 2  Cl 4-bpt O s(bpy ) 2  Cl] (PF 6 ) 2  was synthesised as described in Chapter 2 
4 3 A P PA R A T U S AND R E A G E N T S
M icroelectrodes were constructed and characterised as described in Chapter 2
Cyclic voltam m etry was perform ed using a CH Instrum ents M odel 660 
Electrochem ical W orkstation and a conventional three electrode cell All 
solutions were deoxygenated thoroughly using nitrogen, and a blanket o f  nitrogen 
was m aintained over the solution during all experim ents Potentials are quoted 
w ith  respect to a BAS Ag/AgCl gel-filled reference electrode All experim ents 
were perform ed at room  tem perature (22±3 °C)
Two approaches were used to transfer the solid onto the surface o f  the w orking 
electrode In the first m ethod, the solid was transferred from  a filter paper onto 
the surface o f  the electrode by m echanical abrasion This process caused som e o f 
the com plex to adhere to the surface as a random  array o f  m icroparticles In the 
second approach that was used to achieve high surface coverages, a drop o f  M illi­
es w ater was first added to the com plex before applying the m aterial to the 
electrode surface as a paste Prior to electrochem ical m easurem ents the paste was 
allow ed to dry Deposits prepared by both  m ethods give indistinguishable 
electrochem ical responses The stability o f  the solid deposits prepared by the two 
m ethods is com parable A fter use, the electrode surface was renew ed by polishing 
using an aqueous slurry o f  0 05 fim alumina
Scanning electron m icroscopy (SEM ) was perform ed using a H itachi S-3000N 
system  For SEM  investigations, deposits w ere form ed on 3 m m  radius graphite 
disks that were m ounted directly in the m icroscope In electrochem ical
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investigations, the modified disks were electrochemically cycled and then the 
layers were allowed to soak m electrolyte free Milli-Q water for at least 30 mm 
before being washed copiously and then dried in a vacuum dessicator for several 
hours
UV-Visible spectra for the solid state deposits were recorded using a Nikon 
Eclipse ME600 microscope equipped with both a 100W halogen lamp and a 100 
W mercury arc source The films were deposited on conducting glass slides (ITO) 
and were positioned against a water-immersion objective ( 1 0  x magnification) and 
observed through the microscope An Ag/AgCl reference electrode and a large 
area platinum wire completed the three electrode electrochemical cell Spectra 
were recorded using an Andor Technology gated intensified CCD coupled to an 
Oriel model MS125 spectrograph fitted with a 600 lmes/mch grating Typically
7 2the gate width was 2  ms and for surface coverages less than 1x 1 0  mol cm 
signal averaging was necessary The potential of the working ITO electrode was 
controlled using a CH Instruments Model 660 Electrochemical Workstation A 
Dell Dimension Pentium PC was used for data acquisition and analysis
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4 4 RESULTS AND DISCUSSION
4 41  “BREAK IN” PHENOMENA
Figure 4 2 illustrates the initial voltammetric response obtained when a solid 
deposit of [Os(bpy)2 Cl 4-bpt Os(bpy)2 C1](PF6)2 is first voltammetncally cycled 
m 80 20 H20  acetomtnle where the supporting electrolyte is 0 1 M L1CIO4 
During these initial scans, the peak shape changes and the anodic peak current, ipa, 
decreases by approximately 40% while the cathodic peak current, ipc, decreases by 
approximately 15% After approximately 50 scans, the response no longer 
changes when the deposit is repeatedly cycled and remains stable for more than 24 
hours
As the film becomes oxidised, the overall charge on the complex increases and 
counteranions must be incorporated into the film from solution to maintain 
electroneutrality Therefore, as the greatest increase in the peak currents during 
initial cycling is observed in the anodic branch, this may be due to the gradual 
ingress into the film of charge balancing perchlorate 10ns from the electrolyte It 
is also possible that the oxidised and reduced forms of the complex have different 
solubilities in the electrolyte and this response may be indicative of some 
dissolution of the oxidised form of the complex
Films of this type have been shown to undergo structural changes upon redox 
switching Repeated electrochemical cycling of solid films of similar complexes 
has, for example, been shown to induce crystallisation of the microparticles within 
the solid films 14 The changes in the voltammetric response of these films upon 
initial electrochemical cycling, therefore, may be linked to some structural 
changes m the film In order to probe whether these voltammetric changes are 
caused by structural changes within the film, physical characterisation of the
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surface before and after electrochemical cycling is required Scanning electron 
microscopy provides a convenient means to characterise solid layers of this type 16
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Figure 4 2 First 50 sweeps of a voltammetnc cycle for a solid state 
[Os(bpy)2  4bpt Os(bpy)2  CI2] (PF6 )2 deposit attached to a 25 (im radius platinum 
microelectrode The supporting electrolyte is 0 1 M L1CIO4 dissolved in 80 20 
water acetomtrile v/v The scan rate is 0 2 Vs 1
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4 4 2 SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy has been used to probe whether cycling the redox 
composition of the solid deposits changes their morphology SEM images have 
been obtained after solid deposits have been repeatedly cycled for up to 2 0 0 0  
scans at 0 1 V s 1 As described in the previous section, the voltammetric 
response of the films changes over the first approximately 50 cycles and then 
remains constant for a period of hours Figure 4 3A shows that prior to 
voltammetric cycling, the deposits are unstructured and show no evidence of 
being significantly crystalline Figures 4 3 B and 4 3C reveal that after cycling the 
layers in both neutral (1  0 M L1CIO4) and low pH electrolytes (1 0 M HC104) the 
deposits remain in a non-crystalline, largely amorphous state This behaviour 
contrasts sharply with that found for the corresponding monomer, [Os(bpy)2 4-bpt 
C1](PF6), that electrocrystallised when cycled in 1 0 M HC104 13
It is perhaps significant that the overall charge is higher for the oxidised dimer,
1 e , +3 at the pH values used here The corresponding charges for the monomer is 
+1 Therefore, greater electrostatic repulsion as well as the greater difficulty of 
achieving efficient close packing m the dimers may inhibit electrocrystallisation 
However, the most significant result of Figure 4 3 is that the changes observed in 
the voltammetry when the deposits are first cycled, do not correspond to a 
significant change in the morphology of the deposits
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Figure 4 3 Scanning electron microscopy images of a 3 mm radius graphite 
disk modified with a mechanically attached layer of 
[Os(bpy) 2 4bpt Os(bpy) 2 Cl2] (PF6) 2 (A) is the film prior to voltammetric cycling, 
(B) is after 2000 scans in 1 0 M L1CIO4 and (C) is after 2000 scans in 
1 0 M HCIO4 Electrochemical scans were performed at 100 mVs 1 between -100 
mV and +800 mV vs Ag/AgCl
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4 4 3 GENERAL ELECTROCHEMICAL PROPERTIES
Figure 4 4 illustrates the voltammetnc response obtained for a 2 mM solution of 
[Os(bpy)2 Cl 4-bpt Os (bpy)2  Cl]2+ dissolved in acetomtrile where the supporting 
electrolyte is 0 1 M L1CIO4 For the dimer dissolved in solution, two, 
electrochemically reversible, waves are observed with formal potentials of 0 320 
and 0 760 V These redox waves correspond to metal based Os2+/3+ redox 
reaction The fact that two redox waves are observed for the complex in solution 
indicates that oxidation of the metal centres occurs m two distinct steps rather 
than as an apparently 2 electron process Since the dmuclear complex is highly 
symmetrical, the extent of electronic coupling across the 4-bpt bridge is likely to 
be responsible for the relatively large separation between the two formal 
potentials 17
Figure 4 5 illustrates the voltammetnc response observed for a solid deposit of the 
complex after approximately 50 repetitive scans Significantly, only a single 
redox process is observed even when the positive potential limit is extended to 
1 200 V However, the response observed is unusually ideal for a solid deposit 
and is similar to that found for the complex dissolved in acetomtrile (Figure 4 4) 
For a reversible redox reaction under semi-infinite diffusional control (Section 
1 3 2 2 1), the peak to peak separation, AEP, and the difference between the peak 
potential, Ep, and the half peak potential, Ep/2 are given by Equations 4 1 and 4 2  
respectively 20
AE0 = 2  3 ^ I  or 59/n m V  at 25°C (4 1)
^ nr
Ep -  Ep/2 ! = 2 20 or 56 5/n m V  at 25°C (4 2)
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For a reversible electrochemical process under semi-infinite diffusion control, the 
peak currents also increase linearly with increasing square root of the scan rate, u 
This is found to be the case for these films and is described in Section 4 4 7
From Figure 4 5, it is found that AEP and Ep - Ep/2, are both 57 ± 3 mV 
Significantly, these values are consistent with a reversible electrochemical 
reaction involving the transfer of a single electron Therefore, it appears that only 
one of the osmium sites within the dimer can be oxidized when the complex is 
immobilized withm a solid deposit This behaviour could arise because of 
increased electrostatic interactions due to the close proximity of adjacent redox 
centres in the solid deposit or from a relatively high free energy barrier to anion 
insertion into the solid
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Figure 4 4 Voltammetnc response for a 2 mM solution of 
[Os(bpy)2 Cl 4-bpt Os (bpy)2 Cl]2+ dissolved in acetonitrile The supporting 
electrolyte is 0 1 M L1CIO4 The platinum microelectrode radius is 12 5 ¡¿m and 
the scan rate is 0 2 Vs 1
192
Figure 4 5 Votammetnc response of a solid state layer of 
[Os(bpy)2 4bpt Os(bpy)2 CI2] mechanically attached to a 25 fim radius Pt 
microelectrode at a scan rate of 2 Vs 1 The electrolyte is aqueous 0 1 M L1CIO4 
containing 2 0  % acetomtrile
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The formal potential of the Os2+/3+ redox couple (0 280 V) is 40±5 mV less 
positive for the solid deposit compared to the dimer dissolved m acetomtnle As 
switching the oxidation state of these films is linked to counterion movement into 
and out of the film, the rate of the oxidation and reduction reactions may be 
different depending on the rate of ion movement both into the film and out of the 
film This may cause a shift in either the anodic or the cathodic peak potential, 
resulting in a shift in E0’ Therefore, the designation of a formal potential in these 
deposits is subject to the rate of oxidation and reduction reactions being equal 
With this in mind, comparison of the formal potential m solution with that in the 
solid suggests that oxidising the metal centre is thermodynamically more facile 
when the dimer is immobilised within a solid deposit However, while this 
behaviour suggests that the free energy barrier to anion insertion is not significant, 
the small differences m E0’ observed most likely reflect a higher dielectric 
constant within the solid deposits that that of acetomtnle This suggests that the 
redox centres withm the deposit are at least partially solvated, which is consistent 
with the nearly ideal voltammetry illustrated in Figure 4 5
Figure 4 6  illustrates the electrochemical response of solid deposits of [Os(bpy)2 
Cl 4-bpt Os(bpy)2 Cl]2+ when they are cycled m either entirely aqueous 0 1 M 
L1CIO4 or 80 20 H2O ACN containing 0 1 M L1CIO4 as supporting electrolyte 
Even where the electrolyte solution contains 20% v/v acetomtnle, ipa and ipc 
change by less that 1 0  % over an 8 hour period suggesting that significant 
dissolution does not occur At this scan rate, the voltammetric response observed 
for the deposit m contact with the solution containing the organic solvent is 
sharper (FWHM is 135 ± 5 mV compared to 190 ± 10 mV in the absence of 
acetomtnle) and the peak shape is consistent with mixed semi-infinite linear 
diffusion and finite diffusion control These observations suggest that the rate of 
charge transport through the deposit may be faster when the contacting solution 
contains acetomtnle
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Figure 4 6 Cyclic voltammograms for an [Os(bpy) 2 4bpt Os(bpy) 2 C12J (PFô) 2 
deposit that is mechanically attached to a 25 |im radius platinum microelectrode in 
aqueous 0 1 M L1CIO4 (thick line) and in 01 M L1CIO4 containing 20% 
acetomtnle (thin line) The scan rate is 0 2 Vs 1
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4 4 4 POTENTIAL DEPENDENT UV-VIS SPECTROSCOPY
Since these deposits consist of discrete particles, not all of which may be in direct 
electrical contact with the electrode, it is important to determine what percentage 
of the deposit is electrochemically active In this way, an insight can be obtained 
into the extent to which individual particles are interconnected Potential 
dependent UV-vis spectroscopy represents a convenient approach to probing this 
issue Figure 4 7 illustrates the changes in the UV-vis spectrum that occur during 
electrolysis of a solid state deposit in aqueous 1 0 M L1CIO4 at +0 600 V All 
changes are completely reversible, 1 e , the peak intensities return to greater than 
95% of their initial value when the deposit is oxidised and then re-reduced This 
behaviour persists over at least five potential cycles
The surface coverage determined from the background corrected charge passed in
the 5 m V s1 anodic branch of the voltammogram is approximately
5x10 mol cm Prior to oxidation, the deposit shows strong absorbances
between 330 and 530 nm that are attributed to Os (d7t) to bpy and bpt (71*) MLCT 
1 &transitions The dashed line of Figure 4 7 shows the spectrum obtained for the 
complex dissolved in acetomtnle and indicates that the spectroscopic transitions 
and relative peak intensities of the solid deposits are generally consistent with 
those observed for the complex in solution However, the absorption maxima are 
typically shifted to lower energy by approximately 1 0  nm for the solid deposits 
Consistent with oxidation of the Os2+ centres, the intensity of the MLCT bands 
decrease systematically with increasing electrolysis time Significantly, despite 
the fact that this deposit is less than a micron thick, the spectrum changes 
continuously for periods up to 40 seconds suggesting that solid state charge 
transport is relatively slow m this system
Figure 4 8  shows that the absorbance (490 nm) vs time profile for the deposit and 
indicates that even for very long electrolysis times the absorbance at 490 nm never
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decays to zero This behaviour contrasts with previously reported systems where 
exhaustive electrolysis caused complete collapse of the MLCT wave 13 The 
observation that exhaustive electrolysis decreases the absorbance to approximately 
50% of its initial value is significant and supports the voltammetric data presented 
earlier which suggested that only one Os2+ site within the dimer is oxidized for the 
solid deposits Moreover, this observation suggests that the individual particles 
are highly interconnected and that close to 1 0 0  % of the immobilised particles are 
electrochemically active, at least on a hundreds of seconds timescale
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Figure 4 7 Time dependent changes in the UV-vis spectrum of a solid state 
[Os(bpy) 2 4bpt Os(bpy) 2 Cl2] (PF6) 2 deposit attached to an ITO electrode when 
electrolysed at +0 600 V m aqueous 1 0 M L1CIO4 From top to bottom (solid 
lines), the spectra represent electrolysis times of 0, 10, 20, 40, 80, 120 and 140 
seconds The dashed line is the spectrum obtained for the complex dissolved in 
acetomtnle
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Figure 4 8 Absorbance at 490 nm of a solid state [Os(bpy)2 4bpt Os(bpy)2 Cl2] 
(PF6)2 deposit attached to an ITO electrode when electrolysed at +0 600 V in 1 0 
M L1CIO4
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4 4 5 EFFECT OF ELECTROLYTE pH
The 4-bpt bridge is capable of undergoing a protonation/deprotonation reaction 
which will influence both the strength of electronic coupling between the two 
metal centres and the overall charge on the complex There have been 
surprisingly few studies on the impact of protonation reactions on the structure of 
solid state materials This situation is striking because careful studies on 
biosystems have proven that both the secondary structure and hydrogen bonding 
play critical roles in dictating the efficiency of long-range electron transfer19
Figure 4 9 illustrates the voltammetric response obtained for solid deposits of the 
dimers in 0 1 M HCIO4 and 0 1 M L1CIO4 adjusted to pH 12 with NaOH, where 
the solvent is 80 20 H20  ACN The peak shapes observed at each pH are similar 
and do not change significantly upon repetitive cycling m either electrolyte 
However, in low pH electrolyte, the formal potential is approximately 35 mV 
more positive than that found in near neutral electrolyte The observation that E°' 
is more positive in low pH electrolyte indicates that the Os2+ centres are 
thermodynamically more difficult to oxidise when the 4-bpt ligand is protonated 
A reduced electron donating ability of the protonated ligand and the higher overall 
positive charge withm the layer are likely to contribute to this effect
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Figure 4 9 Cyclic voltammograms for an [Os(bpy) 2 4bpt Os(bpy) 2 Cl2] (PF6 )2 
deposit that is mechanically attached to a 12 5 \im radius platinum microelectrode 
in aqueous 0 1 M L1CIO4 containing 20% acetomtrile adjusted to pH 12 0 (thick 
line) and in aqueous 0 1 M HCIO4 containing 20% acetomtrile (thin line) The 
scan rate is 2 0 Vs 1
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4 4 6 RESISTANCE AND INTERFACIAL CAPACITANCE
When attempting to extract quantitative data from voltammetric data, e g , formal 
potential, charge transport diffusion coefficients or heterogeneous electron 
transfer rate constants, it is important to consider the effects of both the electrode 
response time and ohmic effects Also, by examining the resistance as a function 
of the supporting electrolyte concentration, it ought to be possible to obtain a 
limited insight into the permeability of the deposit towards electrolyte ions
When a poly cationic deposit is placed in a dilute solution of a strong electrolyte, 
the concentration of counterions (PFó in this case) withm the deposit is typically 
considerably larger than that found in the contacting solution For the deposits 
considered here, the anion concentration initially present m the deposit is expected 
to be between 1 5 and 3 M depending on the extent of protonation of the 4-bpt 
ligand Thus, under the influence of the concentration gradient, counterions may 
diffuse from the deposit into the solution until the concentrations become equal m 
the two phases However, if diffusion of charged counterions occurs, then 
electroneutrality within the deposit would be violated, and an electrical potential 
would develop at the interface This "Donnan potential" would then increase until 
an equilibrium was reached in which it completely opposes the tendency of the 
counterions to move down the concentration gradient Under these equilibrium 
conditions the net diffusion of counterions across the interface would be zero, and
Oflco-ions would be excluded from the solid deposit
The existence of such a permselective response for these solid deposits was 
probed by determining the contribution of the deposit resistance to the total cell 
resistance as the supporting electrolyte concentration is systematically varied In 
the case of an ideally permselective response, ions would be effectively excluded 
from the membrane, and the deposit resistance would be independent of the 
supporting electrolyte concentration To determine the total cell resistance, short
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timescale, small amplitude, potential step chronoamperometry has been 
performed, in a potential region where no Faradaic response is observed In a 
typical experiment, the potential was stepped from -50 to 0 mV at both bare and 
modified microelectrodes, and the resulting current was recorded over the 
following 20 j i s  This capacitive current vs time transient can be described by 
Equation 4 3 21
ic(t) = (AE / R) exp (-t / RCdl) (4 3)
where AE is the pulse amplitude, R is the total cell resistance, and Cdl is the 
integral double layer capacitance For both modified and bare electrodes, the 
current decays in time according to a single exponential, which is consistent with 
double layer charging alone20 Figures 4 10 and 4 11 illustrate ic(t) vs t and semi- 
log current vs time plots for the solid deposits as the lithium perchlorate 
concentration is changed from 0 1 to 0 5 to 1 0 M The absolute slope of the 
semi-log plots represents the reciprocal of the cell time constant RCdl
Table 4 1 presents RCdl values for an electrode before, and after modification 
with the dimer as a function of the perchlorate concentration This table shows 
that both the bare and the modified electrode cell time constants decrease with 
increasing electrolyte concentration as expected However, the response time is 
considerably more sensitive to the supporting electrolyte concentration for the 
microelectrode coated with the solid deposit It is apparent from Equation 4 3 that 
R can be extracted from the intercepts of the semi-log plots shown in Figure 4 11 
Figure 4 12 shows the total cell resistance for a bare and a coated electrode as the 
perchlorate concentration is changed from 0 1 to 1 0 M It is apparent that in both 
circumstances R is reduced at high electrolyte concentrations reflecting a reduced 
solution resistance Significantly, for perchlorate concentrations greater than 
about 0 5 M, the total cell resistance with and without the deposit are 
indistinguishable This result suggests that, for relatively high electrolyte
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concentrations, the deposit resistance is low probably because electrolyte can 
permeate the individual particles that exist on the microelectrode surface
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Figure 4 10 Current-time transients for a 25 pm radius platinum microelectrode 
modified with an [Os(bpy)2 4bpt Os(bpy)2 Cl2] (PF6)2 deposit following potential 
steps from -0  050 to 0 000 V From top to bottom, the data correspond to 
aqueous 0 1 , 0 5  and aqueous 10 M L1CIO4 containing 20% acetomtrile as 
supporting electrolyte
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Figure 4 11 Semi-log plots for current-time transients obtained using a 25 jam 
radius platinum microelectrode modified with an [Os(bpy)2  4bpt Os(bpy)2 CI2] 
(PF6)2 deposit following potential steps from -0  050 to 0 000 V From top to 
bottom (left side), the data correspond to aqueous 0  1 , 0 5  and 1 0  M L1CIO4 as 
supporting electrolyte
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T able 4 1 Resistance, R, Double Layer Capacitance, Cdi, and Electrode 
Response Times, RC, for 25 |Lim Radius Platinum Microelectrodes Before and 
After Modification with a Solid Deposit of [Os(bpy)2  4bpt Os(bpy)2 CI2] (PFô)2 as 
the Concentration of L1CIO4 is Systematically Varied *
Bare Modified
|L iC I0 4] / M R /Q 10IOCd, /F RCd, / jus R /Q 1010 Cd, / F RCd| / fis
00 2400(192) 5 89(0 53) 1 41(0 25) 3169(253) 4 10(0 23) 1 29(0 18)
0 1 2200(188) 6 28(0 50) 1 38(0 23) 3212(198) 4 64(0 21) 1 49(0 17)
02 2056(132) 6 48(0 58) 1 33(0 21) 3034(215) 5 05(0 28) 1 53(0 19)
04 1877(140) 7 06(0 14) 1 32(0 12) 2800(184) 5 60(0 33) 1 56(0 20)
06 1700(119) 7 06(0 28) 1 20(0 13) 1890(195) 5 44(0 16) 1 02(0 14)
08 1550(15 5) 7 46(0 74) 1 15(0 12) 1636(156) 5 89(0 14) 0 95(0 10)
1 0 1400(70) 8 24(0 49) 1 15(0 13) 1475(35) 6 41(0 31) 0 94(0 07)
* The numbers in parentheses represent errors obtained from at least 3 
independent experiments
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Figure 4 12 Dependence of the total cell resistance, R, on the concentration of 
L1CIO4 as supporting electrolyte Data for a bare 25 |im radius platinum 
microelectrode are shown on the lower curve ( • )  while the upper curve is for the 
same microelectrode modified with an [Os(bpy)2 4bpt Os(bpy)2 CI2] (PF6 )2 solid 
deposit (■)
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4 4 7 HOMOGENEOUS CHARGE TRANSPORT RATES
The well-defined metal-based oxidation observed for this solid deposit makes 
them attractive systems for investigating the dynamics of charge transport in the 
solid state To achieve this objective, cyclic voltammetry has been used to 
determine apparent charge transport diffusion coefficients as the concentration of 
supporting electrolyte is systematically varied Figures 4 13 and 4 14 show how 
the voltammetnc responses obtained for solid deposits changes as the scan rate is 
systematically varied from 2 0 0  to 800 mVs' 1 in acidic and neutral electrolytes, 
respectively For this range of scan rates, the voltammetnc peak currents increase 
as u 1/2 (Figures 4 15 and 4 16) This behaviour is consistent with semi-infinite 
linear diffusion control in which the deposit is not exhaustively electrolysed and 
the depletion zones remain withm individual microparticles Under these 
circumstances, the peak current, ip, can be described in terms of the Randles- 
Sevçik equation
ip = 2 69x 105 n 3/2 A DCT1/2Ceff u 1/2 (4 4)
where n is the number of electrons transferred, A is the area of the working 
electrode, Dct is the apparent charge transport diffusion coefficient and Ceff is the 
effective fixed site concentration of the redox centres
Previous studies on structurally related systems and crystallographic data suggest 
that the fixed site concentration is 1 7±0 05 M 13 22 Analysing the data presented 
in Figures 4 14 and 4 16 using this approach, yields Dct values of 2  0 ± 0  6 x 1 0  10 
and 2 0±0 5x10 10 cm2s 1 in 0 1 M L1CIO4 and 0 1 M HCIO4 respectively While 
these diffusion coefficients are large for solid deposits, 16 they are still many orders 
of magnitude smaller than those found for the complex dissolved m solution, 
5 6±1 1x10 6 cm2s 1 These relatively small diffusion coefficients are likely to 
significantly limit the technological exploitation of materials of this kind For
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example, under semi-infinite linear diffusion conditions it would take 
approximately 15 seconds to switch a 1 jam thick film from one oxidation state to 
another
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Figure 4 13 Scan rate dependence of the voltammetric response for a deposit of 
[Os(bpy)2 4bpt Os(bpy) 2 Cl2] (PF6) 2 formed on a 25 jam radius platinum 
microelectrode The supporting electrolyte is aqueous 0 1 M HCIO4 containing 
20% acetomtnle From top to bottom the scan rates are 800, 600, 400 and 200 
mVs 1
211
Figure 4 14 Scan rate dependence of the voltammetric response for a deposit of 
[Os(bpy)2 4bpt Os(bpy)2 CI2] (PF6 )2 formed on a 25 \im radius platinum 
microelectrode The supporting electrolyte is 0 1 M L1CIO4 containing 20% 
acetomtnle From top to bottom the scan rates are 800, 600, 400 and 200 mVs 1
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Figure 4 15 Plot of ip versus the square root of scan rate for a mechanically 
attached solid layer of [Os(bpy)2 Cl 4-bpt Os(bpy)2 C1](PF6) 2 at 25 [im platinum 
microelectrode The supporting electrolyte is aqueous 0 1 M HCIO4 containing 
20% acetomtrile Cathodic currents are positive and anodic currents are negative
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Figure 4 16 Plot of ip versus the square root of scan rate for a mechanically 
attached solid layer of [Os(bpy)2 Cl 4-bpt Os(bpy)2 C1](PF6)2 at a 25 Jim platinum 
microelectrode The supporting electrolyte is aqueous 0 1 M L1CIO4 containing 
20% acetomtnle Cathodic currents are positive and anodic currents are negative
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In this system, SEM analysis (Section 4 4 2) reveals that the physical structure of 
the deposit does not appear to change significantly as the oxidation state is 
switched Under these circumstances, homogenous charge transport through the 
deposit is limited either by electron self-exchange between the osmium sites or 
counterion diffusion through the solid If electron self-exchange is the rate 
determining step, charge compensating counterions must be freely available 
within the deposit and Dct is expected to at best depend only weakly on the 
electrolyte concentration Significantly, Table 4 2  shows that Dct does not 
depend on the concentration of electrolyte in either L1CIO4 or HCIO4 This 
observation suggests that ion transport is facile and that the rate of charge 
transport is limited by the rate of electron self-exchange between Os2+ and Os3+ 
couples within the deposit
The Dahms Ruff expression allows the second order rate constant, ksE, describing 
the dynamics of self-exchange between adjacent Os2+/3+ moieties, to be 
determined
Dct = Dphys + 1 /6  ksE $2 Cefr (4 5)
where DPhys described physical diffusion in the absence of electron hopping and 5 
is the inter-site separation between adjacent redox centres Given that the osmium 
redox centres are immobilised within a solid deposit, Dphys is assumed to be zero 
The inter-site separation is estimated from the x-ray crystal structure as a through- 
space distance of 13 4 Á 23 24 Using these values, Equation 4 5 yields rate 
constants for electron self-exchange of are 1 8xl0 7 and 3 OxlO7 M ‘s 1 at pH 6  0 
and pH 0, respectively These values are comparable with those reported for 
osmium polypyndyl complexes m solution or within monolayers
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Table 4 2 Effect of the Identity and Concentration of Supporting Electrolyte 
on the Homogenous Charge Transport Diffusion Coefficient Through Solid-State 
[Os(bpy)2  Cl 4-bpt Os(bpy) 2 C1](PF6)2 deposits a
Concentration / M 1 0 10 Dct / cm2 s 1 (L1CIO4) 1 0 10 DCt  / cm2 s 1 (HC104)
0  1 2  0  ( 0  6 ) 2 0(0 5)
05 2 0 ( 0  4) 1 8  (0 3)
07 1 8  ( 0  6 ) 1 6  (0 3)
1 0 2  0  ( 0  1) 1 7 (0 4)
1 5 2 0 ( 0  4) 1 5 (0 1)
2 0 2 1 (0 3) 1 6  (0 3)
a Errors are in parentheses and represent the standard deviation on at least three
independently formed deposits
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4 4 8 HETEROGENOUS ELECTRON TRANSFER DYNAMICS
As discussed above, the voltammograms shown in Figures 4 13 and 4 14 are 
controlled by electron self-ex change between adjacent osmium centres However, 
at higher scan rates the rate of heterogeneous electron transfer across the 
electrode/deposit interface influences the voltammetric response causing an 
increase in AEP Figure 4 17 illustrates the voltammograms obtained for solid 
deposits of the dimer where 500<u<4000 Vs 1 The resistance data illustrated m 
Figure 4 12 confirm that the ohmic drop never exceeds 15 mV which is negligible 
compared to the AEP observed Therefore, slow heterogeneous electron transfer is 
the dominant factor controlling the large peak-to-peak separation illustrated in 
Figure 4 17
Under these circumstances, the standard rate constant for heterogeneous electron 
transfer, k°, can be determined by investigating the dependence of Ep - E0/ on u in 
conjunction with Equation 4 6
gO t R T 0 780 + In
f D 'l app
+ ln (a* lv Y 2anF Ic° ^ K ) \R T  )
Equation 4 6  predicts that a plot of (Ep-E°') vs In o should be linear Figure 4 18 
confirms that a linear response is observed experimentally suggesting that 
Equation 4 6  provides a suitable model for the determination of k° and a  Figure 
4 17 indicates that k° is 1 03±0 08x103 cm s 1
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Figure 417 Scan rate dependence of the voltammetric response for a 
mechanically attached solid layer of [Os(bpy)2 4bpt Os(bpy)2 CI2] (PF6)2 formed 
on a 25 (im radius platinum microelectrode The supporting electrolyte is aqueous 
0 1 M L1CIO4 containing 20% acetomtnle From top to bottom the scan rates are 
1333, 1000, 800 and 571 V s 1
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Figure 4 18 Graph of Ep - E°' vs In u for deposits of [Os(bpy)2 Cl 4-bpt 
Os(bpy) 2 C1](PF6) 2 formed on a 25 [im radius platinum microelectrode The 
supporting electrolyte is aqueous 0 1 M L1CIO4 containing 20% acetomtnle
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Figure 4 19 and 4 20 illustrate theoretical fits to the experimental cyclic 
voltammograms generated according to the Butler-Volmer formalism of electrode 
kinetics at scan rates of 200 and 571 Vs 1 29 In fitting these voltammograms, the 
residual sum of squares between the experimental and theoretical reduction 
currents were minimized and then the oxidation branch of the voltammogram was 
predicted The satisfactory agreement observed between theory and experiment 
suggests that the voltammograms for the solid deposits can be approximately 
described by conventional solution phase models based on semi-infinite linear 
diffusion Moreover, the satisfactory fits suggest that the deposits are solvated 
and that electrochemical double layer sets up at the electrode/layer interface This 
conclusion is consistent with the observation that the formal potentials of solution 
phase and solid deposits are similar
For 5<u<100 Vs \  the best fit simulated voltammogram is obtained where Dcr is 
2  0 x 1 0  10 cm2s 1 and the standard heterogeneous electron transfer rate constant, k°, 
is 108±0 05xl0‘3 cms 1 The diffusion coefficient obtained by fitting the 
complete voltammogram is identical to that found using the Randle-Sevçik 
analysis to within 5% Significantly, the standard heterogeneous electron transfer 
rate constant is independent of the scan rate indicating that the layers are 
kinetically homogeneous The observation that the rate constants for all redox 
centres capable of undergoing heterogeneous electron transfer are experimentally 
indistinguishable suggests that the local microenvironments, electron transfer 
distances and reorganization energies are identical for individual redox centres
A challenging issue is to probe the effect of supramolecular order on the rate of 
heterogeneous electron transfer The heterogeneous electron transfer dynamics of 
spontaneously adsorbed monolayers of [Os(bpy)2Cl 4-bpt]2+ has been examined 
previously 15 For these monolayers, apparent k° values of 1 6xl0 5 s 1 and 4 4xl04 
s 1 were found for monolayer oxidation and reduction, corresponding to distance 
normalised heterogonous electron transfer rate constants of 1 x 1 0 2 cm s 1 and
220
4 4x10 3 cm s 1 respectively Significantly, these values are less than an order of 
magnitude larger than those found for the solid state layers described here This 
observation suggests that the 4-bpt bridge does not support strong electronic 
communication between the delocalised electronic states of an electrode and the 
localised redox orbitals of the [Os(bpy)2Cl]+ moiety
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Figure 4 19 Cyclic voltammograms for a mechanically attached deposit of 
[Os(bpy)2 4bpt Os(bpy)2 CI2] (PF6)2 formed on a 25 jim radius platinum 
microelectrode The scan rate is 200 V s 1 Experimental voltammograms are 
denoted by the solid line The theoretical voltammogram obtained generated 
according to the Butler-Volmer formalism of electrode kinetics is denoted by •
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Figure 4 20 Cyclic voltammogram for a mechanically attached deposit of 
[Os(bpy)2 4bpt Os(bpy)2 CI2] (PFö) 2 formed on a 25 |im radius platinum 
microelectrode The scan rate is 571 V s 1 Experimental voltammograms are 
denoted by the solid line The theoretical voltammogram obtained generated 
according to the Butler-Volmer formalism of electrode kinetics is denoted by •
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4 5 C O N C L U S IO N S
Solid deposits of [0 s(bpy)2 4-bpt 0 s(bpy>2 CI2] (PF6)2 have been formed on 
platinum microelectrodes, bpy is 2,2'-brpyridyl and bpt is 3,5-bis(pyridin-4-yl)- 
1,2,4,-tnazole In both aqueous L1CIO4 and HCIO4 electrolytes containing 20% 
acetomtrile the voltammetric response arising from the Os2+/3+ redox couple is 
close to ideal and is reminiscent of that associated with an electrochemically 
reversible solution phase redox couple Significantly, while both metal centres 
can be oxidised withm an experimentally accessible potential window when the 
dimer is dissolved in acetomtrile, only a single one-electron transfer process is 
observed for the solid deposits This behaviour is most likely due to electrostatic 
interactions between adjacent Os metal centres caused by the close proximity of 
the metal centres within the solid film
The dependence of the apparent diffusion coefficient on the concentration of the 
supporting electrolyte suggests that the rate of charge transport through the solid is 
controlled by electron hopping rather than charge-compensating ion diffusion into 
the solid The rate of heterogeneous electron transfer across the electrode/deposit 
interface, k°, is 1 08x103 cms 1 and is independent of the electrolyte pH This 
value is approximately one order of magnitude lower than that found for a similar 
monomeric complex in which the 4-bpt bridging ligand is attached directly to the 
electrode This suggests that the 4-bpt bridging ligand does not promote strong 
electronic communication between the localised electronic orbitals of the 
[Os(bpy)2Cl]+ moiety and the delocahsed electronic orbitals of a metal electrode
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ELECTRON TRANSFER DYNAMICS ACROSS OSMIUM 
BIS-BIPYRIDYL TRIAZOLE MONOLAYER/PLATINUM INTERFACES
CHAPTER 5
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51 INTRODUCTION
The study of electron donor-acceptor systems, in which electron transfer occurs 
across molecular bridges, has wide-ranging implications, from the development of 
molecular electronics to elucidating biological transfer mechanisms 12,3 The 
structure of the bridging ligand between donor and acceptor moieties can 
drastically affect the rate of electron transfer For example, the effects of 
synthetically altering the bridge structure on the rate of bridge mediated electron 
transfer have been investigated (Section 1 4 4) 4 5 However, an important goal is 
to develop systems in which the bridge structure can be reversibly altered by a 
change in the local environment, so as to modulate the rate of electron transfer 
These systems can provide an insight into the role of bridge electronic levels in 
mediated electron transfer reactions
In Chapter 3, a novel system whereby [Os(bpy)2  Cl]+ is tethered to an electrode 
surface via a redox-active ligand, that is capable of undergoing a reversible 
protonation reaction, was described Redox switching of the remote redox centres 
occurs by virtual coupling, i e , superexchange, between the metal orbitals and the 
localised orbitals of the redox centre By protonatmg the bridging ligand, it was 
shown that the bridge energy levels could be tuned reversibly, leading to 
reversible modulation of the heterogeneous electron transfer rate
In this chapter, the effects of bridge protonation on the dynamics of electron 
transfer are studied further An approach to chemically modulating the rate of 
heterogeneous electron transfer across an electrode/monolayer interface is 
described The bridge between the [Os(bpy)2 Cl]+ moiety and the electrode 
surface is 3,5-bis(pyndm-4-yl)-l,2,4-triazole (4-bpt) Monolayers of this complex 
are highly stable m a wide range of electrolytes and at both high and low pH The 
4-bpt bridge is electroactive and is also capable of undergoing a 
protonation/deprotonation reaction depending on the pH of the contacting 
electrolyte solution The electrochemical response of these monolayer films are
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unusally ideal under a wide range of conditions, providing an insight into the 
microenvironment of the redox centres within the monolayer The effects of 
protonating the bridging ligand on the dynamics of heterogeneous electron 
transfer between the metal electrode surface and the remote redox centre have 
been studied using high speed chronoamperometry The nearly ideal response of 
these monolayers at short experimental timescales has allowed direct examination 
of the apparent rates of electron transfer over a wide range of overpotentials
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5 2 MATERIALS AND REAGENTS
[Os(bpy)2 4-bpt Cl] CIO4 was prepared as described m Chapter 2 All other 
reagents used were of analytical grade
5 3 APPARATUS AND PROCEDURES
Microelectrodes were constructed and characterised as described in Chapter 2
Cyclic voltammetry was performed using a CH Instruments Model 660 
Electrochemical Workstation and a conventional three electrode cell All 
solutions were degassed thoroughly using nitrogen, and a blanket of nitrogen was 
maintained over the solution during all experiments Potentials are quoted with 
respect to a BAS Ag/AgCl gel-filled reference electrode All experiments were 
performed at room temperature (22±3°C) Small-timescale chronoamperometry 
was conducted using a custom-built function generator, with a rise time of less 
than 10 ns Using this instrument, potential steps of varying pulse width and 
amplitude were applied to a two-electrode cell A square platinum flag (1 cm 
width) and an Ag/AgCl reference electrode were combined to form a counter 
electrode The purpose of the Pt flag was to lower the resistance and to provide a 
high frequency path
Spontaneously adsorbed monolayers were formed by immersing the 
microelectrodes in micromolar solutions of the metal complex in methanol/water 
(50/50, v/v) for periods up to 1 2  hours The complex is stable towards aerial 
oxidation and no precautions were taken to exclude atmospheric oxygen during 
monolayer formation Before electrochemical measurements were made, the 
electrodes were rinsed with acetone and electrolyte solution to remove any 
unbound material Subsequent measurements were performed in blank 
electrolyte
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Raman spectroscopy was conducted on a Dilor Jobmy-von Spex Labram The 
exciting 20 mW helium-neon laser (632 8 nm) was focused through a purpose 
made electrochemical cell onto a monolayer deposited on a gold macroelectrode 
(1 5 mm radius) using a 10x objective lens The beam diameter when focused is 
approximately 1 |im producing approximately 106 W cm 2 at the surface Focusing 
was confirmed by using a CCD camera m imaging mode A spectral resolution of 
1 5 cm 1 per pixel was achieved using a grating of 1800 lmes/mm The applied 
potential was controlled with respect to an Ag/AgCl reference electrode using a 
CH instruments model 660A potentiostat
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5 4 RESULTS AND DISCUSSION
5 4 1 GENERAL ELECTROCHEMICAL PROPERTIES
Figure 5 1 shows a representative cyclic voltammogram for a spontaneously 
adsorbed monolayer of [Os(bpy)2 4bpt Cl]+ upon electrochemical cycling in 
aqueous 0 1 M L1CIO4 The solution does not contain any dissolved complex 
The formal potential of the Os2+/3+ redox reaction is 0 276±0 005 V vs Ag/AgCl 
The formal potential of the complex, when dissolved m acetomtnle solution, is 
0 249±0 004 V That the solution phase formal potential of this complex is within 
30 mV of that observed for the surface confined complex suggests that these 
monolayers are solvated 6 Upon repetitive cycling m this electrolyte at both high 
(pH 14) and low (pH 0) pH over periods up to 12 hours, the peak heights change 
by less than 5%, indicating that these films are highly stable over a wide range of 
pH values
The response obtained for these films is similar to that previously reported for 
structurally similar complexes7 and is consistent with that expected for an
n
electrochemically reversible reaction involving a surface-confined species The 
peak shape is independent of u for 0 05<o<50 Vs 1 and the peak height increases 
linearly with increasing scan rate (Figures 5 2 and 5 3), rather than the o l/2 
dependence observed for the complex dissolved in dimethyl formamide 
Therefore, it appears that [Os(bpy)2 4-bpt Cl]+ adsorbs to the surface of the 
platinum electrode to give an electroactive film
Monolayers of this complex exhibit non-zero AEP values even at low scan rates, 
e g , AEP is 35 ± 5 mV at a scan rate of 0 5 Vs 1 This behaviour has been reported 
previously for monolayers of analogous osmium polypyridyl complexes 9 10 AEP 
is independent of scan rate up to at least 50 V s1, indicating that slow 
heterogenous kinetics are not responsible for the observed behaviour Ohmic 
effects are not responsible for this behaviour as the increased currents at higher
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scan rates would cause the AEP value to increase Feldberg has interpreted similar 
non-ideal responses in terms of unusual quasi-reversibility (UQR), arising due to 
rate processes which are slow compared to the experimental timescale 11
Where there are no lateral interactions occurring between immobilised species 
and a rapid equilibrium is established with the metal electrode, the full width at 
half-maximum (fwhm) of either the anodic or cathodic wave is given by 
90 6  / n mV according to the following equation, where n is the number of 
electrons transferred
RT 90 6
AEd = 3 53 —  = —  mV (25°C) (5 1)
F nF n
Monolayers of this type exhibit fwhm values of 120 ± 10 mV, indicating that 
there may be repulsive interactions between adjacent adsorbates These are 
examined m more detail in a later section
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Figure 5 1 Representative cyclic voltammogram obtained for a spontaneously 
adsorbed monolayer of [Os(bpy)2 4-bpt Cl]+ at a platinum microelectrode The 
radius of the microelectrode is 25 |im The scan rate is 2 0 Vs 1 and the 
supporting electrolyte is aqueous 0 1 M L1CIO4 Cathodic currents are up and 
anodic currents are down The potential limits are 0 to 0 6  V vs Ag/AgCl and the 
initial potential is 0 V
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Figure 5 2  Dependence of the cyclic voltammetry of a dense, spontaneously 
adsorbed monolayer of [Os(bpy)2 4bpt Cl]+ on the scan rate All voltammograms 
are background corrected for charging current Scan rates are (from top to 
bottom) 2 0, 1 6 , 1 2, 0 8  and 0 4 V s 1 The radius of the platinum microelectrode 
is 25 |im The supporting electrolyte is aqueous 0  1 M L1CIO4 Cathodic currents 
are up and anodic currents are down
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Figure 5 3 Scan rate dependence of the voltammetric peak current for 
monolayers of [Os(bpy)2 4-bpt C1]PF6 at a 25 \xm radius platinum microelectrode 
The surface coverage is 1 1 x 10 10 mol cm 2 and the supporting electrolyte is 
aqueous 1 0  M L1CIO4
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The total charge introduced or withdrawn to reduce or oxidise the monolayer, Q, 
can be found from the area under the voltammetric peak after correcting for the 
background charging current This charge, together with the real surface area can 
then be used to calculate the surface coverage, T, or the number of moles of 
[Os(bpy)2 4bpt Cl]+ per cm2 according to Equation 5 2
<52>
The surface coverage provides important information about the packing density of 
the monolayer The surface coverage, as experimentally determined from the area 
under the cyclic voltammetry wave, was found to be 1 10±0 09 x 10 10 mol cm 2, 
corresponding to an area occupied per molecule of 151±11 Á2 This area is in 
agreement with that previously reported for this complex12 and is consistent with 
the surface coverage being dictated by the redox active head group rather than by 
the bridging ligand This area of occupation is comparable to that reported for 
similar complexes adsorbed within monolayers 1314 In the following section, the 
dependence of T on the concentration of [Os(bpy)2 4-bpt Cl]+ in the deposition 
solution is probed This may provide an insight into the nature of the lateral 
interactions between adjacent adsorbates evident in the voltammetric behaviour of 
this complex
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5 4 2 ADSORPTION ISOTHERMS
The larger than ideal fwhm values determined for these monolayers 
(120 ± 10 mV) indicates that there may be some repulsive interactions between 
adjacent adsorbates within the monolayers of this complex By examining the 
surface coverage as a function of the concentration of the deposition solution, it is 
possible to obtain some insight into the extent of these interactions To obtain the 
adsorption isotherm, the surface coverages at equilibrium were determined by 
integrating the background corrected cyclic voltammograms as the bulk 
concentration in the deposition solution was systematically varied Figure 5 4 
illustrates the dependence of the surface coverage of [Os(bpy)2 4-bpt Cl]+ on the 
concentration of the complex in the deposition solution The surface coverage 
reaches a plateau at a solution concentration of approximately 2 jiM
The Frumkin adsorption isotherm can provide a useful insight into the lateral 
interactions that may exist within these monolayers since it models the free 
energy of adsorption as an exponential function of the surface coverage 15
PC, = —^ —exp(g0,) (5 3)
where 9, = T, / r sat, T, is the coverage of [Os(bpy) 2 4-bpt Cl]+ m mol cm 2 at a 
bulk concentration C„ r sat is the saturation coverage obtained at high bulk 
concentrations and P is the adsorption coefficient Attractive interactions are 
indicated by g<0 and repulsive interactions by g>0, while for g=0 the Langmuir 
isotherm is obtained
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Figure 5 4 Dependence of the voltammetrically determined surface coverage 
of [Os(bpy)2 4-bpt Cl]+ as a function of deposition solution concentration The 
solid line represents the best fit to the Frumkm isotherm
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Figure 5 4 shows that the optimized Frumkin isotherm provides a satisfactory fit 
to the experimental surface coverages for these monolayers The interaction 
parameter is +0 057 ± 0 01 This positive interaction parameters indicates that 
destabilizing lateral interactions do exist withm these monolayers While these 
measurements do not provide any insight into the nature of these interactions, 
they are likely to be electrostatic in nature due to the presence of the charged 
[Os(bpy)2 Cl]+ head group
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5 43  EFFECT OF ELECTROLYTE CONCENTRATION ON THE
FORMAL REDOX POTENTIAL
The formal potential depends on both the solvation shell and the extent of lon- 
pairm g J617 By examining the effect of the electrolyte concentration on the 
formal potential of the redox reaction, it is possible to gain an insight into the 
extent of ion-pairing between the immobilised redox centres and counterions from 
the electrolyte The effect of electrolyte concentration on the formal potential of 
the Os2+/3+ redox reaction has been examined for 0 1<[LiC1 0 4 ] < 1  0 M At high 
scan rates, the rate of heterogeneous electron transfer across the 
monolayer/electrode interface can influence the voltammetnc response 
Therefore, in these measurements, scan rates less than 0 5 Vs 1 were employed so 
as to avoid any influence from the interfacial electron transfer kinetics
To avoid complications due to changes m the ionic strength of the solution a fixed 
background of 1 0 M Na2S0 4  was used as a swamping electrolyte The formal 
potential of the Os2+/3+ redox reaction shifts by less than 10 mV over the 
electrolyte concentration range 0 l<[Na2S0 4 ]<l 0 M indicating that SO42 has 
little tendency to lon-pair with the osmium centers
For 0 1 <[LiC1 0 4 ] < 1  0 M, the peak shapes and heights are independent of the 
electrolyte concentration However, as illustrated in Figure 5 5, E0' shifts in a 
negative potential direction as the L1CIO4 concentration increases indicating that 
it becomes increasingly easier to oxidize the osmium redox center at higher 
electrolyte concentrations This behavior is consistent with ion-pairing between 
the perchlorate and the redox center The theoretical slope of this semi-log plot is 
(59/p) mV/decade, where p is the difference in the number of anions pairing with 
the oxidized and reduced forms of the redox center This behaviour can be 
described by Equation 5 5
[Os(bpy)2 4bpt C lf  ( C104“ j^ - e  +p[ C104‘
1
(5 5)
[Os(bpy) 2  4bptCl ]2+ ^ C104"  j^ +p
The slope determined for [Os(bpy)2 4bpt Cl]+ monolayers was 60+3 mV (Figure 
5 6 ) indicating that a single additional anion becomes bound to the redox center in 
the oxidized state
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Figure 5 5 Effect of electrolyte concentration on the voltammetnc response 
of an [Os(bpy)2 4bpt Cl]+ monolayer adsorbed on a 25 |im radius platinum 
microelectrode The scan rate is 0 5 V s 1 L1CIO4 concentrations are (from left to 
right) 0 1, 0 2, 0 4, 0 6 , 0 8 and 1 0 M All measurements were performed in a 
constant-background electrolyte of 1 0 M Na2S0 4
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Figure 5 6  Effect of electrolyte concentration on the formal potential of the 
Os2+/3+ redox reaction for monolayers of [Os(bpy) 2 4-bptCl]+ adsorbed at a 25 yim 
platinum radius microelectrode All measurements were performed in a constant 
background electrolyte of 1 0 M Na2S0 4
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5 4 4 EFFECT OF pH ON THE REDOX FORMAL POTENTIAL
The 4-bpt bridging ligand is capable of undergoing a protonation/deprotonation 
reaction depending on the pH of the contacting solution The solution phase pKa 
of [Os(bpy) 2 4-bpt C1](PF6) has been determined as 9 6±0 2 (Chapter 2) 
Protonation of the 4-bpt bridge withm a monolayer may affect the extent of 
electronic coupling between the electrode surface and the remote [Os(bpy)2Cl]+ 
redox centre By probing the effect of the contacting electrolyte solution on the 
voltammetnc response of these monolayers, an insight into the effect of 
protonation of the 4-bpt bridge may be obtained
The effect of altering the pH of the contacting electrolyte solution on the 
voltammetnc response of a monolayer of [Os(bpy) 2 4-bpt Cl]+ is shown in Figure 
5 7 The formal potential of the Os2+/3+ redox reaction shifts by 40±3 mV in a 
positive direction upon changing the pH of the contacting electrolyte solution 
from pH 1 2  0 to 6  0 The change m E0’ upon altering the pH of the electrolyte 
solution was confirmed to be reversible by first decreasing and then increasing the 
pH of the electrolyte The positive shift of E0> with decreasing pH indicates that 
oxidation of the Os2+ metal centre becomes thermodynamically more difficult 
when the 4-bpt bridge is protonated This may be due to a reduced electron 
donating ability of the ligand upon protonation By reducing the electron 
donating ability of the ligand, the electron density at the Os2+ metal centre is 
reduced, causing a positive shift in E0’ Protonation of the 4-bpt ligand causes an 
increase m the overall charge on the complex This may also lead to a positive 
shift m E0’ as it becomes more difficult to create the Os3+species due to 
electrostatic effects
These data do not provide an insight into the pKa of the 4-bpt ligand when 
immobilised at the electrode surface The pKa of the ligand may be altered upon 
immobilisation at an electrode surface for a number of reasons First, the 
dielectric constant within a dense monolayer may be distinctly different from that
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in bulk solution Second, immobilisation of the complex at an electrode surface 
may significantly alter the electron density of the ligand Both of these effects 
could cause significant changes in the pKa to be observed Capacitance data can 
provide a useful insight into this issue
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F ig u re  5 7 Effect of pH on the voltammetric response of a monolayer of 
[Os(bpy) 2 4-bpt Cl]+ adsorbed at a 12 5 jitm radius platinum microelectrode The 
scan rate is 0  2 Vs 1 and the supporting electrolyte is aqueous 1 0 M L1CIO4 The 
pH of each solution is (from left to right) 6  6  and 12 0 The pH of the electrolyte 
solution was adjusted using concentrated aqueous NaOH Cathodic currents are 
up and anodic currents are down
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5 4 5 INTERFACIAL CAPACITANCE
The two limiting cases for the potential profile across a monolayer have been 
described m Section 3 4 4 18 If the monolayer is highly impermeable and has a 
low dielectric constant, the potential may decay lineanly across the monolayer
and then exponentially in the external electrolyte solution In this case, the
capacitance of the diffuse layer, Cdif, and the monolayer capacitance, Cmono> 
contribute to the total mterfacial capacitance according to Equation 5 6
CT 1 =  C<j|f * + C mono 1 (5 6 )
The capacitance of the monolyer is given by Equation 5 7
Cmono -  Eo^ mono/d (5 7)
where e0 is the permittivity o f free space, emono is the monolayer dielectric 
constant and d is the monolayer thickness
Potential step chronoamperometry has been used to determine the mterfacial 
capacitance as a function of the concentration of electrolyte This technique was 
chosen due to the ease of implementation and the ability to time resolve double 
layer charging and Faradaic currents As described in Section 1 3 4 2 2, after a 
potential step, charging current, ic, will flow according to Equation 5 8  19
lc(t)=^  expf e )  (58)
where AE is the magnitude of the potential step, R is the cell resistance and C is 
the total mterfacial capacitance A plot of In ic(t) versus t was used to obtain R 
and C Figure 5 8  illustrates the mterfacial capacitance values determined for a
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12 5 radius platinum microelectrode modified with a monolayer of 
[Os(bpy)2 4-bpt Cl]+ as a function of the concentration of electrolyte
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Figure 5 8 Dependence of the total mterfacial capacitance on L1CIO4 
concentration for spontaneously adsorbed monolayers of [Os(bpy)2 4-bpt Cl]+ on 
a 12 5 fim radius platinum microelectrode The potential step size was 0 025 V 
and was from 0 400 to 0 425 V
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Equation 5 6  indicates that the total mterfacial capacitance depends on the diffuse 
layer capacitance and the capacitance of the monolayer Unlike the monolayer 
capacitance, the diffuse layer capacitance depends on the concentration of the 
electrolyte, as well as, the potential Figure 5 8 clearly illustrates that the total 
mterfacial capacitance is sensitive to the electrolyte concentration, as the 
capacitance increases up to an electrolyte concentration of approximately 0 40 M 
The limiting capacitance is approximately 14 5 |uF cm 2, and at high 
concentrations of electrolyte is likely to be dominated by the monolayer 
capacitance Energy minimised molecular modelling indicates that the thickness 
of a fully extended monolayer is approximately 1 0  A 12 Hence, the limiting 
capaitance can be used, m conjunction with Equation 5 7, yielding a monolayer 
dielectric constant of 16 This is far from the value for bulk water (78 5), 
suggesting the formation of a monolayer that is impermeable to solvent 
However, the limiting capacitance is significantly larger than that expected for a 
monolayer that is completely impermeable to electrolyte 20 Therefore, it appears 
that this monolayer is at least partially solvated at high electrolyte concentrations
The effects of monolayer protonation has been examined by Smith and W hite21 
In their model, the mterfacial capacitance depends on the diffuse layer 
capacitance, the monolayer capacitance and the degree of protonation of the 
monolayer, C(f), according to Equation 5 9
C T  ^ =  Cmono ‘ [Cd|f +  C(f)] (5 9)
Assuming that Cm0no remains constant, the term [Cdlf + C(f)] 1 varies with 
potential and with the solution pH As the pH of the contacting electrolyte 
solution is altered, C(f) reaches a local maximum near to the pKa, and a maximum 
is observed in the total mterfacial capacitance Figure 5 9 illustrates the effect of 
systematically varying the electrolyte pH on the differential capacitance between 
6  0 < pH <12 5 All changes in the mterfacial capacitance were confirmed to be 
reversible by first increasing and then decreasing the pH of the contacting
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electrolyte solution The shape of the curve agrees with that predicted by theory 
and yields a surface pKa of 7 0±0 2 Consistent with a monolayer that is only 
partially solvated, this value differs from that observed in bulk solution by greater 
than two pH units (solution phase pKa = 9 1) Therefore, it appears that the 4-bpt 
bridge behaves as a stronger acid when immobilised withm a monolayer film 
This is most likely due to the decreased dielectric constant within the monolayer 
than in bulk solution
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Figure 5 9 Effect of systematically varying the contacting electrolyte pH on 
the total differential capacitance of monolayers of [Os(bpy)2 4-bpt Cl]+ at 12 5 \xm 
platinum microelectrode The supporting electrolyte is aqueous 1 0 M L1CIO4 
and the pH was altered using concentrated aqueous solutions of NaOH and 
HCIO4
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5 4 6 POTENTIAL DEPENDENT RAMAN SPECTROSCOPY
Potential dependent raman spectroscopy can provide very useful information 
regarding the structural changes that may occur upon redox switching of 
monolayers of [Os(bpy)2 4-bpt C1]PF6 Surface enhanced raman spectroscopy 
(SERS) was employed to probe these monolayers, as this may provide 
information regarding the structure of the monolayer due to the enhanced 
sensitivity of the technique
Figure 5 10 illustrates the raman spectra obtained for monolayers of 
[Os(bpy)2 4-bpt C1]PF6 immobilised on a roughened gold electrode at 0 and 0 6V  
vs Ag/AgCl, respectively In all experiments, the responses were completely 
reversible, l e any changes in the spectra were reversible upon redox switching of 
the monolayer The UV-visible spectrum of this complex indicates that the 
exciting HeNe laser (632 8 nm) is preresonant with the MLCT (Os(II)-bpy*) 
transition (Section 2 3 4 1) The resonance effect is confirmed by enhancement of 
features at 1607, 1565, 1491, 1320 and 1266 cm 122 The feature at 1043 cm 1 is 
associated with the 4-bpt ligand The feature at 380 cm 1 is associated with the 
Os-N stretch Oxidation of the monolayer results in a loss of the Os-N modes 
and the 4-bpt modes This occurs due to loss of the MLCT upon oxidation This 
loss is significant, however, the modes do exist after oxidation of the monolayer 
This is because upon oxidation, the laser becomes pre-resonant with a bpy*-Os 
LMCT transition and the bpy based bands continue to be observed This is 
similar to the behaviour observed for monolayers of [Os(bpy)2 4-tetCl]+ (Section 
3 4 6)
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Figure 5 10 Potential controlled raman spectrum of a monolayer of 
[Os(bpy)2 4-bpt C1]PF6 at a roughened gold macroelectrode The supporting 
electrolyte is aqueous 1 0 M L1CIO4 (a) Potential is 0 0 V vs Ag/AgCl (b) 
Potential is 0 6 V vs Ag/AgCl The wavelength of the exciting He-Ne laser is 
632 8 nm
255
5 4 7 HETEROGENEOUS ELECTRON TRANSFER DYNAMICS
Redox active bridging ligands are important in that they offer the possibility of 
significant virtual coupling (superexchange) depending on the difference between 
the redox potentials of the bridge and remote redox centers Electron transfer via 
resonant superexchange may be the dominant mechanism if the LUMO of the 
bridge is similar in energy to the acceptor states of the remote redox center This 
pathway predominates because the closeness of the bridge and redox center 
energies acts to reduce the activation barrier to electron tunneling In contrast, if 
the OsdTr-HOMO separation is relatively smaller, then HOMO mediated hole 
transfer will contribute significantly to the redox switching mechanism Electron 
rich 7r-donating linkers of the kind used here (4-bpt) have been shown to support 
hole superexchange reactions24 and this has been supported by the data discussed 
in Section 3 4 6 for [Os(bpy)2 4-tet Cl]+ monolayers
Significantly, the 4-bpt bridge is also capable of undergoing a 
protonation/deprotonation reaction, triggered by altering the pH of the contacting 
electrolyte solution The surface pKa of the 4-bpt ligand has been determined by 
capacitance measurements and agrees relatively well with that determined for the 
complex dissolved in solution Therefore, the present system provides an 
attractive means to investigating the effect of protonation of the bridging ligand 
on the rate of heterogeneous electron transfer across the electrode/monolayer 
interface
In order to determine the rates of heterogeneous electron transfer across the 
electrode/monolayer using this system, high speed chronoamperometry has been 
employed Chronoamperometnc measurements have three distinct advantages 
over cyclic voltammetnc experiments for extracting kinetic data25 First, the 
kinetics for different potentials (l e , different reaction free energies) are not 
convoluted by a potential scan Second, the kinetic homogeneity of the sites can
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be judged by the functional form of the current transient Third, electron transfer 
rates can be measured far from E0’, 1 e , at large reaction free energies
As described in Section 1 3 4 2 2, after a potential step, a charging current will 
flow at the working electrode according to 19
,c(t) = M e x p ( ^ )  (5 10)
where AE is the magnitude of the potential step, R is the cell resistance and C is 
the total interfacial capacitance For an ideal electrochemical reaction involving a 
surface confined species, the faradaic current, ip, following a potential step that 
changes the redox composition of the monolayer exhibits a single exponential
n
decay in time according to 5
iF(t) = kQ exp (-kt) (5 10)
where k is the apparent rate constant for the reaction and Q is the total charge 
passed in the redox transformation
Figure 5 11 illustrates typical chronoamperometnc responses for the oxidation of 
a monolayer of [Os(bpy)2 4-bpt Cl]+ on a 2 5 |im radius platinum microelectrode 
where the electrolyte is aqueous 1 0 M L1CIO4, adjusted to pH 12 In these 
experiments, the overpotential (E-E0’) was 0 148 and -0  181 V (solid line and 
broken line, respectively) This figure shows that on a nanosecond timescale, two 
current decays can be separated These responses, which arise from double layer 
charging and Faradaic current flow, are time resolved due to the much shorter 
time constant of double layer charging compared to that of the Faradaic reaction
257
iTime / ns
Figure 5 11 Current response for a 2 5 |im radius platinum microelectrode 
modified with a monolayer of [Os(bpy) 2 4-bpt Cl] following a potential step 
where the overpotential is 0 148 V (—) and -0  181 V (-—) The supporting 
electrolyte is aqueous 1 0 M L1CIO4 adjusted to pH 12 0 with NaOH
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The RC time constant of the 2 5 jj,m microelectrode has been estimated from the 
semi-log plot of the current-time transient (Figure 5 12) as approximately 15 ns 
Semi-log plots of In ip(t) versus t have been used in order to extract kinetic 
information from this system Faradaic currents were recorded only at times that 
were 5-10 times that of the RC constant At these times, the contribution of the 
charging current to the overall current is negligible The linearity of the In ip(t) 
versus t plots shown in Figure 5 12 indicates that electron transfer is characterised 
by a single rate constant over the time required to collect greater than 95% of the 
total charge for the redox reaction Deviations from linearity would be expected 
if ohmic drop were present Uncompensated resistance would cause the potential, 
and hence the apparent rate, to evolve with time Therefore, iR drop would cause 
deviations to be observed at short experimental times All of the transients 
recorded diplayed nearly ideal chronoamperometnc responses, suggesting that 
ohmic losses are negligible
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Figure 5 12 In ip(t) versus t plots for a 2 5 (im radius platinum microelectrode 
modified with a monolayer of [Os(bpy)2 4-bpt Cl] The overpotential is 0 148 V 
(circles) and -0  181 V (squares) and the supporting electrolyte is aqueous 1 0 M 
L1CIO4 adjusted to pH 12 with NaOH
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The importance of carefully selecting the size of the microelectrode in these 
experiments is emphasised by Figure 5 13 that illustrates the chronoamperometric 
response for the oxidation of a monolayer of [Os(bpy)2 4-bpt Cl]+ at a 12 5 jim 
radius platinum microelectrode From this illustration, it is clear that two distinct 
current decays cannot be separated This is due to the increased time constant of 
double layer charging of the larger microelectrode The RC constant of this 
electrode has been estimated as approximately 0 4 jus Therefore, the fastest rate 
constants that could be measured at this electrode are of the order of 5 x 105 s 1 
Thus, it appears that at an electrode of radius 12 5 \xm the Faradaic current for the 
redox reaction is convoluted with the charging current over the timescale of the 
experiment
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Figure 5 13 Current response for a 12 5 jim radius platinum microelectrode 
modified with a monolayer of [Os(bpy)2 4-bpt Cl] following a potential step 
where the overpotential was 0 148 V The supporting electrolyte is aqueous 
1 0 M L1CIO4 adjusted to pH 12 0 with NaOH
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The apparent rate constants for the oxidation and reduction of the Os2+ redox 
centres, obtained from the semi-log plot shown m Figure 5 1 2  in conjunction with 
Equation 5 10, are 5 3 x 106 and 3 4  x 1 0 6 s 1 for overpotentials of 148 and 
-181 mV, respectively Given that the RC time constant of the platinum 
microelectrode is approximately 15 ns5 the maximum rate constant that can be 
determined is approximately 1 3 x 107 s 1 A Tafel plot of In k versus 
overpotential for a monolayer of [Os(bpy)2 4-bpt Cl] in which the supporting 
electrolyte is 1 0 M L1CIO4 adjusted to pH 12 5 with NaOH is illustrated in Figure 
5 14 For overpotentials less than about 250 mV, In k depends approximately 
lmeanly on the overpotential Despite the limitations in the fastest rates that can 
be measured, the linear responses observed m the Tafel plots are consistent with 
the Butler-Volmer formulation of the potential dependence of electrochemical 
reaction rates Moreover, the fact that linear responses are observed for both the 
oxidation and reduction of the monolayers up to overpotentials up to 250 mV
t I 7
suggests that the Marcus reorganisation energy is at least 30 kJ mol
As illustrated m Figure 5 14, specifying the overpotential with respect to the 
formal potential determined using cyclic voltammetry gives rate constants that are 
not equal for zero overpotential Figure 5 14 illustrates that for r\ = 0 (at the 
cyclic voltammetrically determined E°), ‘standard’ heterogeneous electron 
transfer rate constants of 1 60 x 106 and 2 67 x 1 06 s 1 for reduction and oxidation 
of the monolayer are obtained, respectively The non-equal intercepts at r| = 0 in 
Figure 5 14 suggests that the effective formal potential in short timescale 
chronoamperometry (1 e the potential where the forward and backward reaction 
rate are equal) is shifted by approximately -40 mV compared to the cyclic 
voltammetry value This may be due to the influence of ion-pairing The cyclic 
voltammetrically determined formal potential represents a fully ion-paired 
situation, whereas high speed chronoamperometry may not allow sufficient time 
for complete ion-pairing
263
-0 4 -0 2 0 02 04
Overpotential / V
Figure 5 14 Tafel plot of In k versus overpotential for a 2 5 |im radius platinum 
microelectrode modified with a monolayer of [Os(bpy)2 4-bpt Cl] The
supporting electrolyte is aqueous 1 0 M L1CIO4 adjusted to pH 12 5 with 
concentrated NaOH
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A Tafel plot of In k versus overpotential for a 2 5 |am radius platinum 
microelectrode modified with an adsorbed monolayer of [Os(bpy)2  4-bpt Cl] 
where the supporting electrolyte is 1 0 M L1CIO4 (pH 5 5) is shown in Figure 
5 15 The shape of this curve agrees with that previously reported for monolayers 
of this complex where the supporting electrolyte is neutral aqueous lithium 
perchlorate solution Figure 5 15 also shows a shift of the apparent 
‘chronoamperometry’ formal potential compared to the cyclic voltammetry 
formal potential The ‘standard5 heterogeneous electron transfer rate constants 
determined at r| = 0  (based on the cyclic voltammetry formal potential) agree with 
those previously reported for these monolayers (1 9 x 105 and 4 5 x 104 s 1 for the 
reduction and oxidation processes, respectively) 12
The most significant conclusion of these observations is that the rate of 
heterogeneous electron transfer for the reduction reaction decreases by 
approximately an order of magnitude upon protonation of the 4-bpt ligand The 
rate of heterogeneous electron transfer for the oxidation reaction decreases by a 
larger amount, almost two orders of magnitude, upon protonation of the 4-bpt 
bridging ligand While it is not clear why the largest decrease in k° occurs in the 
oxidative branch, this modulation of the electron transfer rate based on a change 
in the electrolyte pH is significant
As discussed above, electron rich bridging ligands of this type have been shown 
to support superexchange mechanisms Electron superexchange may be the 
dominant mechanism if the LUMO of the bridge is close m energy to the metal dn 
orbitals of the remote redox centre In contrast, if the HOMO of the bridge is 
closer in energy to the metal d7r orbitals, hole superexchange may be the dominant 
mechanism Protonation of the 4-bpt bridging ligand in this monolayer system 
will decrease the electron density on the ligand, making it harder to oxidise and 
easier to reduce the bridge This will cause the formal potential of the HOMO 
and the LUMO of the bridge to shift in a positive direction, thereby increasing the 
d7t-HOMO difference This is illustrated m Figure 5 16
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Figure 515 Tafel plot of In k versus overpotential for a 2 5 jim radius platinum 
microelectrode modified with a monolayer of [Os(bpy)2 4-bpt Cl] The 
supporting electrolyte is aqueous 1 0 M L1CIO4 (pH 5 5) The solid lines are the 
theoretical responses expected on the basis of the Butler-Volmer formalism of 
heterogeneous electron transfer
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Figure 5 16 Proposed effect of protonation of the 4-bpt bridging ligand on hole 
superexchange
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Thus, it appears that protonation of the 4-bpt bridge causes a positive shift in the 
bridge formal potential, 1 e , thereby increasing the energy difference between the 
metal dn orbitals and the HOMO of the bridge This increased energy difference 
between the bridge orbitals and the metal orbitals in the protonated state causes a 
decrease m the rate of electron transfer If the dominant superexchange 
mechanism was electron superexchange, the decreased Osdjt-LUMO separation 
should cause an increase in the rate of electron transfer upon protonation of the 
bridging ligand While the shift in the formal potentials of the bridge HOMO and 
LUMO upon protonation have not been determined directly, the data shown 
suggests that electron transfer occurs via a hole superexchange mechanism
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5 5 CONCLUSIONS
Stable close-packed monolayers of [Os(bpy)2 4-bpt C1JPF6 have been formed on 
gold microelectrodes, bpy is 2,2'-bipyridyl and 4-bpt is 3,5-Bis(pyridin-4-yl)- 
1,2,4-triazole The adsorbed monolayers exhibit well defined voltammetnc 
responses for 1 0<pH<12 0 Probing the pH dependence of the mterfacial 
capacitance reveals that the triazole bridging ligand is capable of undergoing a 
protonation/deprotonation reaction with a pKa of 7 0±0 6 This value differs from 
that found for the complex in solution and this may be due to partial solvation of 
the adsorbates within the monolayer
High speed chronoamperometry has been used to probe the rate of heterogeneous 
electron transfer across the electrode/monolayer interface Significantly, upon 
protonation of the 4-bpt bridge, the standard heterogeneous electron transfer rate 
constant decreases by greater than an order of magnitude for both the oxidation 
and reduction reactions This observation is consistent with mediating electronic 
states within the bridging ligand (superexchange) playing an important role in the 
redox switching process Specifically, the results suggest that hole transfer is 
mediated through the highest occupied molecular orbital (HOMO) of the 4-bpt 
ligand Protonatmg the bridge reduces its electron density thus lowering the 
energy of the bridge HOMO relative to the hole acceptor states of the osmium and 
decreasing the standard rate constant
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M o n o la y e rs  o f  [O s(b p y )2(4 -te t)C l]+ , w h e re  b p y  is 2 ,2 ' b ip y n d y l an d  4 te t is  3 ,6 -b is (4 -p y n d y l)  1 ,2 ,4 ,5 -te trazm e, 
h a v e  b e e n  fo rm e d  b y  sp o n ta n e o u s  a d so rp tio n  o n to  c le a n  g o ld  m ic ro e le c tro d e s  T h e se  m o n o la y e rs  are  s ta b le  
a n d  e x h ib it w e ll d e fin ed  v o lta m m e tric  re sp o n se s  fo r  the  O s2+/3+ re d o x  re a c tio n  a c ro ss  a  w id e  ra n g e  o f  so lu tio n  
p H  v a lu es  T h e  sh ift m  the fo rm a l p o ten tia l w ith  in c reasin g  p e rch lo ra te  co n cen tra tio n  in d ica tes tha t the  o x id ized  
fo rm  is io n  p a ire d  to a  sm g le  a d d itio n a l p e rc h lo ra te  a n io n  T h e  te tra z in e  b n d g e  b e tw e e n  th e  [O s(b p y )2C l]+ 
m o ie ty  a n d  th e  e le c tro d e  su rfa c e  u n d e rg o e s  a re v e rs ib le  p ro to n a tio n /d e p ro to n a tio n  re a c tio n  T h e  p o f  the 
te trazm e  w ith in  the  m o n o la y e r  h as  b e e n  d e te rm in e d  a s 2 7 ± 0 3  f ro m  the  p H  d e p e n d e n c e  o f  the  in te rfac ia l 
c ap ac itan c e  S ign ifican tly , th is  v a lu e  is ind istin g u ish ab le  fro m  that fo u n d  fo r  the c o m p lex  d isso lv ed  in  e s sen tia lly  
a q u e o u s  so lu tio n  su g g e stm g  th a t th ese  m o n o la y e rs  are  h ig h ly  so lv a te d  H ig h -sp e e d  cy c lic  v o lta m m e try  rev ea ls  
that the  red o x  sw itc h in g  m e c h a n ism  is b e s t d e sc rib e d  as a n o n a d ia b a tic , th ro u g h  b o n d  tu n n e lin g  p ro c e ss  
S ig n if ic a n tly  w h ile  p ro to n a tm g  the  b r id g in g  lig a n d  d o es  n o t  in flu e n c e  the  free  e n e rg y  o f  a c tiv a tio n , 10 3 ±  
1 1 k j  m o l-1 , k° d e c re a se s  b y  1 o rd e r  o f  m a g n itu d e  fro m  1 1 x  10 4 to  1 2  x  1 0 3 s - 1  o n  g o in g  fro m  a 
d e p ro to n a ted  to p ro to n a ted  b rid g e  T h ese  o b se rv a tio n s  are in te rp re ted  m  te rm s o f  a  th ro u g h  b o n d  ho le  tu n n e lin g  
m e c h a n ism  m  w h ich  p ro to n a tio n  d e c re a se s  th e  e le c tro n  d e n s ity  o n  the  b r id g e  a n d  re d u c e s  the s tre n g th  o f  the 
e le c tro n ic  c o u p lin g  b e tw e e n  the  m e ta l c e n te r  a n d  the e le c tro d e
In tro d u c t io n
T he ab ility  to  contro l the rate o f  electron  tran sfe r across 
m o lecu la r b ridges im pacts d iverse areas rang ing  from  the 
developm ent o f  m o lecu lar electron ics to  understand ing  biosys- 
tem s 1 T rad itionally , the on ly  approach  to  m odu la ting  the rate  
o f  e lectron  transfe i across a bridge linking m olecu lar or bulk 
com ponents w as to syn the tica lly  change the structure o f  the 
bridge2 or the so lven t3 or to couple e lectron  n a n s fe r  to  m ass 
transport, e g p ro ton -coup led  e lec tron-transfer reactions 4 A  
particular challenge is to develop system s in w hich the electronic 
structure o f  the  b n d g e  can  be reversib ly  changed  in response 
to the local m icroenv ironm en t e g , th rough a pro tonation  
ìe ic tio n  H o w e \e r , this objective can  on ly  be ach ieved  i f  the 
role of the b ridge states in the e lec tron-transfer p rocess is 
understood  For exam ple, w here e lec tron-transfer p ro ceeds via 
a coherent superexchange m ech an ism ,5 the ra te  depends alge­
braically  on the d ifference b etw een  the  energy levels o f  the 
bndge and donor/acceptor, A£Bndt e-D/A T herefore i f  this energy 
d ifference cou ld  be tuned , then  one cou ld  con tro l the electron- 
transfer dynam ics 6
T he influence o f  b ridge sta tes on  e lec tron  exchange has been 
investigated  ex tensively  fo r so lu tion  phase d o n o r—accep tor 
system s, e g tran sitio n  m etal com plexes linked by  an electro ­
active b ridge 7 In  con trast there  have been re la tive ly  few  
investigations in w hich  one o f  these m olecu lar com ponen ts is 
ìep laced  by  a m etal su rface T raditionally , se lf-assem bled  
m ono layers have  em ployed  a lkaneth io l linkers in w h ich  the 
energies o f  both the h ig h est occupied  and low est unoccupied
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m olecu lar orbita ls, the H O M O  and  L U M O , respec tive ly , are 
energetically  rem ote from  the donor/acceptor states o f  the bound 
redox  c e n te r s 8 W hile  system s o f  th is k ind  can  prov ide dram atic  
new  insights into the d istance and  po ten tial dependence o f  
electron transfer,9 the large AEendyf-D/A m akes them  unattractive 
fo r m odeling  b io logical system s For exam ple, m  D N A  donor/ 
accep tor and  b n d g e  elem en ts are typ ically  separa ted  by less 
than  1 eV  10
This contribution reports an approach to chem ically  m odula t­
ing the  rate o f  h e terogeneous e lec tron  tran sfe r across m etal/ 
m ono layer in terfaces T he bridge b etw een  the [O s(bpy)2C l]+ 
m oiety  and the elec trode  surface is 336 -b is(4 -p y n d y l)-l,2 ,4 ,5 -  
te trazine (C hart 1) w here bpy is 2 ,2 -b ipy ridy l S ignificantly , 
no t only  is the bridg ing  ligand redox  active, it is also  capab le 
o f  undergo ing  p ro tonation /dep ro tonation  reac tio n s depending  
on the pH  o f the  con tacting  e lectro ly te  so lu tion  T he effect o f  
p ro tonatm g  the b ridge on  the d y nam ics o f  hete iogeneous 
electron  transfer has been  stud ied  u sin g  h igh  scan  rate cyclic 
vo ltam m etry  T hese responses are w ell-behaved  over a w ide 
range o f  scan  la te s  e lectro ly te  concen tra tion , and  pH  values
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allow ing m olecu lar b ridge effects in particu lar the ro le  o f  
superexchange on  d istan t charge tunneling , to be investigated  
T he com plete  vo ltam m ogram s have been  m od eled  to decouple 
the effects o f  p ro to n a tio n  o n  the e lectron ic  coup ling  and  the 
free energy  o f  ac tiva tion  T h is analysis reveals that, w hile  the 
free energy  o f  activation  is insensitive to  the  ex ten t o f  bridge 
p ro tonation , the standard  h eterogeneous e lec tron-transfer rate 
constant decreases w hen  the  te traz ine  b ridge is p ro tonated  
T hese resu lts are in terp re ted  in  term s o f  the  effects o f  bridge 
p ro tonation  on  the  energ y  d ifference betw een  the  OSdT and 
bridge H O M O  levels
E x p e rim e n ta l  S ection
The syn thesis o f  the  b n d g in g  ligand and  m etal com plex  has 
been described  m  detail p rev io u sly  11
In s tru m e n ta t io n  M icroelectrodes w ere prepared  using  gold 
m icro  w ires o f  rad ii betw een  1 and 25 fi m  sealed  in a g lass 
shroud that w ere m echan ica lly  po lished  as d escribed  prev i­
ously 611 E lectrochem ical cleaning o f  the electrodes w as carried 
out by cycling  in 0 1 M H 2SO 4 betw een  potential lim its chosen 
to  in itially  ox id ize and  th en  reduce the surface o f  the gold 
electrode E xcessive cycling  w as avo ided  in o rder to m inim ize 
the extent o f  su rface roughen ing  The real surface areas o f  the 
electrodes w ere determ ined  by calcu lating  the charge und er the 
gold oxide reduction  p e a k  T yp ically  surface roughness values 
w ere betw een  1 6 and 2 0  D eterm in ing  the  real, as opposed  to 
the geom etric , a rea  o f  the electrodes is im portan t i f  the  area o f  
occupation  o f  the adsó rbate  is to  be accu ra te ly  determ ined
C yclic  v o ltam m etry  w as perfo rm ed  u sin g  a C H  Instrum ents 
m odel 660 electrochem ical w orkstation  and a conventional three- 
e lectrode cell A ll so lu tions w ere degassed  tho rough ly  usm g 
n itrogen , and a b lanket o f  n itrogen  w as m ain tained  over the 
so lu tion  du ring  all experim en ts P otentials are quo ted  w ith  
respec t to  a B A S A g/A gC l gel-filled  refe rence  electrode All 
ex p en m en ts  w ere  perfo rm ed  at room  tem peratu re  (22 at 3 °C)
S pontaneously  adsorbed  m ono layers w ere  fo rm ed  b y  im ­
m ersing the m icroelectrodes in  m icrom olar solutions o f  the m etal 
com plex  in acetone/w ate r (50/50, v/v) fo r periods up  to  12 h 
The pH o f  the deposition  so lu tion  w as con tro lled  by  add ition  
o í 1 0 M aqueous perch loric  acid The com plex is stable tow ard  
aen a l oxidation , and no  p recau tions w ere taken  to exclude 
atm ospheric  oxygen during  m ono layer fo rm ation  B efore elec- 
tioch en n ca l m easu rem en ts w ere m ade, the e lectrodes w ere 
n n se d  w ith M ilh -Q  w ater and the electro ly te  to rem ove any 
unbound  m aterial S ubsequen t m easurem ents w ere perform ed  
in b lank  e lectro ly te  The degree o f  m ono layer p ro tonation  w as 
system atically  altered  by  vary ing  the pH  o f  the  con tacting  
e lectro ly te  so lu tion  over the pH  ían g e  0  50—8 00  by  adding 
concen trated  so lu tions o f  H C IO 4 o r  N aO H  to  1 0  M  L 1CIO4
R am an spectroscopy  w as conducted  on  a D ilo rJo b in y — 
von Spex L abram  The exciting  20 m W  h e liu m —neon laser 
(632 8 nm ) w as focused th rough a purpose m ade electrochem ical 
cell onto  m ono layer d eposited  on  a go ld  m acroelec trode  (1 5  
m m  rad ius) usm g  a 10 x  ob jec tive  lens T he beam  d iam eter 
w hen  focused  is ap p rox im ate ly  1 /¿m producing approx im ate ly  
106 W  cm -2  at the surface F ocusing  w as con firm ed  by  using  
a C C D  cam era  in  im aging  m ode A  spectral reso lu tion  o f  1 5 
cm - '/p ixel w as ach ieved  using  a g rating  o f l8 0 0  lines/m m  The 
applied  potential w as con tro lled  w ith  respect to an A g/A gC l 
reference electrode u sin g  a C H  instrum ents m odel 600A  
po ten tio sta t
R e su lts  a n d  D iscu ss io n
G e n e ra l  F le c tro c h e m ic a l P ro p e r t ie s  F igure 1 show s lep -  
resen ta tive  background  co rrec ted  cyclic vo ltam m ogram s fo r a
B J  Phys Chern B Walsh et al
Figure 1 Cyclic voltammograms for a spontaneouslyadsorbed mono 
layer o f [Os(bpy>(4 tet)Cl]CI04 in 0 1 M L1CIO4 at an electiolyte pH 
o f 1 0 ±  0 2 Scan rates are (top to bottom) 50 28 6 10 and 5 V s_l 
The radius o f the gold microelectrode is 25 /mi The monolayer sui face 
coverage is 8 1 x  10-u  mol cm*° Cathodic currents are up and anodic 
cunents are down
spontaneously  adsorbed  [Os(bpy>2(4 -te t)C l]+ in aqueous 0  1 M 
L 1C L O 4 e lectro ly te  ad justed  to  pH  1 0 ±  0  2 by  addition  o f  
HCIO 4 T he  so lu tion  does no t con ta in  any  d isso lved  com plex  
T hese vo ltam m ogram s are consisten t w ith those expected  for 
an  e lec trochem ically  reversib le  reac tio n  invo lv ing  a surface- 
confined  species 12 13 T he peak  shape is m dependent o f  scan 
rate, y, fo r 0 05 < v < 50 V  s _ l , and  the peak  heigh t increases 
linearly w ith increasing scan rate, rather than  the vm dependence 
observed  fo r the com plex  d isso lved  in acetom trile  T herefore, 
it appears that [O s(bpy)2(4 -te t)C l]+ adsorbs to the surface o f  
the go ld  m icroelectrode to give an electroactive film  R epetitive 
cycling o f  these m onolayers in 0 1 M  L 1CIO 4 electro ly te  at both 
neu tral and low  pH  over a 16 h period  d id  no t p roduce any 
change in the shape o f  the voltam m ogram s, indicating tha t these 
m ono layers are ex trem ely  stab le  to  elec trochem ical cycling  
across a w ide  pH  range 
W here there are no  lateral in terac tions betw een  adsorbates 
and a rapid  redox  equ ilib rium  is estab lished  w ith the app lied  
po ten tial, a  zero  peak  to peak  splitting  (A £ p) and a full w id th  
at ha lf-m ax im um  (fw hm ) o f  90 6 m V  are ex p ected  fo r a one 
e lectron  transfer M onolayers o f  this com plex  exh ib it nonzero  
AEP values even  at low  scan ra tes, e g , A £p is 60 ±  10 m V  at 
a  scan rate o f  0 5 V  s~ l T h is b ehav io r has been  reported  
p iev iously  for structurally  related  system s , 14 e  g , for [O s(bpy)2- 
(3 ,5 -b is(p y rid m -4 -y l)-l 2 4 -triazo le)C l]+ m o n o lay e rs , 15 AEp is 
15 ±  5 m V  at a scan  rate  o f  0 5 V  s_l F eldberg  has in terpreted  
sim ilar nonideal responses m term s o f  unusual quasi-reversibility  
(U Q R ) 16 arising  due to rate p rocesses w hich  are slow  com pared 
to  the experim enta l tim e scale  H ow ever, it is im p o rtan t to  note 
tha t A£p does n o t increase w ith  increasing  scan  ra te  suggestm g 
that the nonideal behavioi is no t cau sed  by slo w  h eterogeneous 
e lectron  transfer A lso , the o bservation  tha t A £p  does not 
increase w ith  increasing  scan rate fo r 0 5 < v < 50 V s” 1 
ind icates that o hm ic  drop  do es n o t sign ifican tly  in fluence the 
response T h ese  m ono layers exh ib it fw hm  values o f  250 ±  30 
m V  suggesting  that there m ay  be  repu lsive  la te ia l in teractions 
betw een ad jacen t red o x  cen te rs  W e have p ro b ed  th is issue by
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Figure 2 Dependence o f the surface coverage on the bulk concentia 
tion of the [Os(bpy)?(4 tet)Cl]C104 •  and □  denote monolayers 
deposited at pH values of 6 6 and 1 8 respectively The supporting 
electiolyte is 1 0 M LiC I04 The dashed and solid lines repiesent the 
best fits to die Langmuir and Frunikin adsorption isotherms respec 
tively
determ in ing  h o w  the  equ ilib rium  surface coverage changes as 
the bulk  co ncen tra tion  o f  the  com plex  is system atically  varied
Adsorption Isotherm s T o ob tain  the adsorp tion  iso therm , 17 
the surface coverages at equ ilib rium  w ere determ ined  by 
in teg ra ting  the background-co rrec ted  cyclic  vo ltam m ogram s as 
the bulk  concen tration  in the deposition solution w as system ati­
cally  v aried  B eyond  the issue o f  lateral in teractions, the pH  
dependence  o f  adsorp tion  m th is  system  is in teresting  because 
the com plex  con ta in s tw o  possib le  p ro tonation  sites, i e , the 
pyrid ine and te trazine n itrogens I f  p ro tonation  occu rs at the 
pyridine n itrogen , then  its lone pair w ould  no t be capab le o f  
in teracting  w ith  the surface thus b locking  adsorp tion  C hanges 
in the U V -v is ib le  spectrum  o f  the com plex  in so lu tion 11 m dicate 
that a single p ro tonation /depro tonation  reaction  occurs betw een 
pH  0 5 and 7 0  w ith  an apparen t pA d o f  2 7 ± 0 2  T herefore 
as illustrated  in F ig m e 2 w e have probed  the effect o f  the bulk 
concen tration  o f the com plex  on  the su rface coverage for 
deposition  so lu tions at pH  6 6 and  1 8 A dsorp tion  clearly  takes 
p laces a t low  pH  ind icating  tha t the  te trazine ra th er than  the 
unbound  p y rid ine  m oiety , becom es pro tonated  at low  pH  In  a 
latei section , w e use capacitance m easu rem en ts to determ ine 
the pA^ d o f  the te traz ine  w hen it is incorpora ted  w ith in  a dense 
m ono layer
T he F rum kin  adsorption  isotherm  can  provide a useful insight 
into the  la teral in terac tions th a t m ay  ex ist w ith in  these m ono­
layers since it m o d e ls  the free energy  o f  adso rp tion  as an  
exponential function  o f  the  surface coverage 17
PC =
0.
1 -0, ex p (g 0 ,) (1)
H ere 6, — r / T \ dt, F, is the  coverage o f  [O s(bpy)2(4 - te t)C l]+ in 
m ol cm - 2  a t a  bulk  concen tra tion  C„ F sdt is the sa turation  
coverage ob ta in ed  at h ig h  bulk  concen trations, and  is the 
adso rp tion  coeffic ien t A ttrac tive  in terac tions are indicated  by 
g <  0 and  repu lsive  in teractions by g > 0 w h ile  foi g =  0 the 
L angm uir iso therm  is ob tained
T A B L E  1 S a tu ra tio n  C overages, A d so rp tio n  C oefficients, 
a n d  F ru m k in  In te rac tio n  P a ra m e te rs  fo r  
[O s(bpy)2(4-tet)C l]+ M onolayers A ssem bled  from  D eposition 
Solutions a t p H  6 6 an d  1 8
pH 6 6 pH 1
lO“ ,0rYmol cm" 
ß/M“1
A G 'W k Jm o l- '
S
0 96 ±  0 1 
(9 9 ± 0  3) x  106 
- 3 9 9  ± 0  8 
+ 0  10 ±  0 05
0 84 ±  0 2 
(9 8 ± 0 4 )  x 106 
-3 9 9  ±  1 1 
+  1 5 ± 0 2
Figure 2 show s that the  o p tim ized  F rum kin  and  L angm uir 
iso therm s prov ide a sa tisfacto ry  fit to the  ex perim en ta l surface 
coverages fo r m ono layers assem b led  from  deposition  so lu tions 
in  w h ich  the pH  is 6 6 or 1 8  H ow ever, as illu stra ted  m  the 
inset o f  F igure 2 the residuals associa ted  w ith  the best-fit 
F rum kin  iso therm  are genera lly  sm aller and  less structured  than  
those found for the best-fit L angm uir iso therm  T able 1 con tains 
the best-fit param eters and reveals that the interaction param eters 
are + 0  10 ±  0 05 and + 1  50 ±  0 2 fo r m ono layers deposited  
a t pH  6 6 and  1 8 , respec tive ly  T hese positive  in teraction  
param eters m dicate  tha t des tab iliz ing  la teral in teractions ex ist 
in bo th  cases bu t tha t the des tab iliz ing  in terac tions a ie  stronger 
fo r m ono layers tha t con ta in  a p ro tonated  tetrazine bridg ing  
ligand  T h is resu lt suggests tha t e lectrostatic  repu lsion  betw een  
the positive ly  charged  headgroups ex is ts  a t all pH  values but 
that p ro tonating  the b ridge in tensifies these  destab iliz ing  lateral 
in teractions
T he free energy  o f  adsorp tion , A G °a(js, can  be determ ined  
from  the adsorp tion  coeffic ien t m  co n junction  w ith  eq  2  18
/? =  e x p (-A  GTJRT) (2)
The free energies o f  adsorption are experim entally  indistinguish­
ab le  fo r the  tw o  p H s at a value o f  —39 9 ±  1 1 kJ m o l- 1  
indicating  tha t pro tonating  the tetrazine ligand  does not sign ifi­
cantly  affect the m o lecu le’s propensity  for adsorption This value 
is sim ilar to  tha t found fo r struc tu ra lly  related  m on o lay ers ,1920 
e g , fo r [O s(bpy)2C l(p 3 p)]+ A (?°dds is 37 9 ±  2 2 kJ m o l" 1 
The saturation  surface coverages observed  at the pH  6 6 and 
1 8 are (0 96 ±  0 1) x  IO ’ 10 and  (0 84 ±  0  2 ) x  10~ 10 m ol 
cm -2  co rresponding  to areas occup ied  per m o lecu le  o f  a p ­
p rox im ate ly  174 ±  16 and 198 ±  38 À 2, respec tive ly  T hese 
areas of occupation  are som ew hat la rg er than  those expected  
given  a rad ius o f app rox im ate ly  6 7 À  for the [O s(bpy)2C l]+ 
m oie ty 2 1 22 bu t are consisten t w ith  a surface coverage that is 
d ic ta ted  by the red o x  active h eadgroup  ra ther than  by the 
bridg ing  hgand  
Effect o f Electrolyte Concentration on the Form al Redox 
Potential, Eof G iven our in terest in  u nderstand ing  p ro tonation  
reactions and  e lec tron -transfer dynam ics w ith in  these  m ono­
layers, it is im portan t to p robe  the n atu re  o f  the m icroenv iron ­
m ent w ith in  the film  T he form al p o ten tia l depen d s on  bo th  the 
so lva tion  shell and the ex ten t o f io n -p a in n g  23-25 T he effect o f  
e lectro ly te  concen tra tion  on  the form al po ten tial o f  the O s2+/3+ 
redox  reaction  has been exam in ed  fo r 0 1 <  [L 1CIO 4] ^  1 0 
M  In these m easurem ents , scan  ra tes less th an  1 V  s “ 1 w ere 
em ployed  so as to  avo id  any  in fluence  from  the m terfacial 
electron-transfer kinetics T o avoid com plications due to  changes 
in the ionic strength  o f  the  so lu tion  a fixed  background  o f  1 0 
M  N a 2SC>4 w as u sed  as a sw am ping  elec tro ly te  T he form al 
po ten tial o f  the O s2+/3+ redox  reaction  sh ifts by less than  15 
m V  o v er the  elec tro ly te  concen tra tion  range 0 1 < [N a2S0 4 ] 5  
1 0 M ind icating  that SO 42- has little tendency  to  ion pair w ith 
the osm ium  cen ters F or 0 1 < [L 1CIO 4] <  1 0 M ,  the peak  
shapes and  heigh ts are in sensitive  to  ch anges m the electro ly te
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Figure 3 Dependence o f the formal potential o f  the Os7+n+ redox 
leaction within an adsorbed monolayer o f [Os(bpy>(4 tet)Cl]+ on the 
concentration o f perchlorate electrolyte All measurements were 
performed in a constant background electrolyte o f 1 0 M Na^SCXt
concen tration  H ow ever, as illustrated  m  Figure 3, E0' sh ifts in 
a negative po ten tia l d irec tion  as the L 1C IO 4 concen tra tion  
increases indicating that it becom es increasingly easier to  oxidize 
the osm ium  led o x  cen ter at h igher electro ly te  concen trations 
T his behav io r is consisten t w ith  ion-pairing  betw een  the 
perch lo ra te  and the redox  cen ter T he theoretical slope o f  th is 
sem ilog  p lo t is (59Ip) m V /decade, w here p is the d ifference in 
the num ber o f  an ions pairing  w ith  the ox id ized  and  reduced  
fo rm s o f  the redox  cen ter T he slope determ ined  fo r [O s(bpy)2- 
(4 -te t)C l]+ m ono layers w as 51 ± 6 m V  ind icating  tha t a single 
add itional anion becom es bound  to  the  redox  cen ter m  the 
ox id ized  state
Effect o f pH on E°' F igure 4 show s the effec t o f  decreasing  
the con tacting  e lec tro ly te  pH  on  the vo ltam m etric  response  o f  
[O s(bpy)2(4-tet)C l]+ m ono layers T he form al po ten tial o f  the 
0 s2+/3+ redox reaction  shifts from  0 136 to  0 284 V  as the pH  
is system atically decreased from  5 47 to 0 59 A  sim ilar behavior 
is observed  for both the com plex  m  so lu tion  and fo r m echan i­
cally attached solid-state deposits,11 w here E °' shifts in a positive 
potential d irec tion  by approx im ate ly  150 m V  upon  pro tonation  
o f  the tetrazm e ligand T his pH -sensitive E° contrasts w ith  [Os- 
(b p y )2 (4 ,4 '-tnm ethy lened ipy rid ine)C l]+ m o n o layers26 and  is 
consistent w ith  pro tonation  occurring  at the te trazm e rather than 
the p y iid m e  site T he shift in E° to m ore  positive po ten tia ls at 
low  pH  m dicates tha t it is m ore  d ifficu lt to create  the  O s3+ 
species w hen the tetrazm e is protonated Both a reduced electron 
d onatm g ab ility  o f  the p ro tonated  ligand  and a h igher overall 
positive charge on  the m ono layer are likely  to co n tribu te  to th is 
effect H ow ever, these d ata  do  n o t allow  the o f  the tetrazm e 
m ono layer to  be dete rm in ed  T his in fo rm ation  is im portan t for 
tw o distinct reasons F irst the d ielectric constant w ithm  a dense 
m o n o lay er m ay  be d istinc tly  d ifferen t from  that found in bulk 
so lu tion  S econd  im m obiliza tion  m ay  sign ifican tly  a lter the 
e lectron  density  o f  the  ligand  B oth  o f  these effects cou ld  cause 
s ign ifican t d ifferences m  apparen t pKd values to be observed  
C apacitance d ata  can  p rov ide  a useful insight into these issues
lnterfacial Capacitance A s discussed by Sm ith and W hite ,27 
the capacitance o f  both the  m onolayer, Cm0no, and the diffuse 
layer Q ,f , co n tribu te  to the total d iffe ien tia l capacitance, C t,
Walsh et al
Figure 4 Effect o f the electrolyte pH on the voltammetric response 
o f an [Os{bpy)->(4 tet)CI]ClC>4 monolayer adsorbed on a 12 5 ¡im radius 
gold microelectrode The scan rate is 1 V s” 1 and the supporting 
electrolyte is i 0 M L1CIO4 The electiolyte pH was adjusted by adding 
by concentrated HCIO* or NaOH The pH values are (from left to light) 
0 60, 2 00, 2 59 2 95 4 10 and 5 47 Cathodic currents are up and 
anodic currents are down
as g iven by eq 3
C r ' ^ C ^ - ' + C « - '  (3 )
The film  capacitance is g iven  by
m^ono O^^filrrA^
w here €0 is the p erm ittiv ity  o f  free space eft|m is the dielectric  
constan t o f  the film , and d is the th ickness o f  the m ono layer 
The differential capacitance as d e term ined  using  cyclic 
v o ltam m etiy  a t a potential o f  —0 150 V is independen t o f  the 
perch lora te  concen tra tion  0 2 < [L 1CIO 4] < 1 0 M T h is resu lt 
indicates that for high electrolyte concentrations the diffuse layer 
capac itance  becom es suffic ien tly  large so that it no longer 
con tribu tes sign ifican tly  to  C r  U n d er these c ircum stances C t 
^  Cmono and the  lim iting  m terfacial capacitance, 26 2 ±  3 6 /¿F 
cm - ", can  be u sed  in con junction  w ith  e q  4 to  es tim ate  the 
d ielectric  constan t o f  the film  E n ergy  m in im ized  m olecu lar 
m odeling  ind icates tha t a fu lly  ex ten d ed  m o n o lay er is ap ­
prox im ate ly  17 A  thick y ield ing  a m ono layer d ielectric  constant 
o f  50 3 ± 6 9 W hile  th is value is som ew hat low er than  that o f  
bulk  w ater, 78 5, it is consisten t w ith  a w ell-so lvated  m onolayer 
tha t is perm eable to  elec tro ly te  10ns
Sm ith  and  W hite  have fu rth er d ev e lo p ed  th is m odel to 
describe the effects o f  m o n o lay er p ro to n a tio n  on  the m terfacial 
c a p a c ita n c e 28 T his app roach  has been successfu lly  used  by 
B ryant and  C rooks to  determ ine  the  surface pKd fo r pyrid ine 
derivatives adso rbed  o n  go ld  e lec tro d es 29 In th is m odel, the 
total in terfacial capac itance  depends on  the  m o n o lay e r capac i­
tance, the d iffuse layer capacitance, and the d eg ree  o f  p ro to- 
nation  o f  the m onolayer, C(f) acco rd in g  to  eq 5
C r ^ C ^ - ' + l C W + C i / ) ] - 1 (5)
A ssum ing  tha t C mono rem ains constan t, the  term  [Cd,r +  C (/)]-1 
v aries w ith  p o ten tia l and  w ith  the  so lu tion  pH  A s the pH  o f
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Tigure 5 Dependence of the diffeiential capacitance for a monolayer 
of [Os(bpy)>(4 tet)Cl]C104 on the pH of the contacting electrolyte 
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Figure 6 Potential controlled Raman spectra of [Os(bpy)?(4 tet)Cl] 
CIO4 monolayers on a gold macrodisk electrode where the supporting 
electiolyte is 0 I M N aC l04 (a) - 0  200 V (b) 0 500 V The 
wavelength of the exciting H e—Ne lasei is 632 8 uni
the contacting  so lu tion  is altered, C(f) reaches a local m axim um  
near the p ^ d, and a m axim um  is observed in the to tal interfacial 
capacitance Figure 5 show s the effect o f  system atically  varying 
the pH  o f  the con tacting  so lu tion  on  the d ifferential capacitance 
for 1 10 < pH  < 7 50 A ll changes in the capacitance w ere 
confirm ed to be reversible by first decreasing and then increasing 
the pH  o f  the supporting  electro ly te  T he shape o f  the curve 
agrees w ith  that pred icted  by  theo ry28 and y ie lds a su rface pA'a 
o f  2 7 ±  0 6 C onsisten t w ith  a h igh ly  so lvated  m onolayer, this 
value agrees closely  w ith pH  induced changes in the m etal-to- 
ligand charge-transfer (M LCT) b an d 11 observed for the com plex 
d isso lved  in essen tially  aqueous m edia 2 7 ±  0 2
Potential-Dependent Raman Spectroscopy Potential d e ­
pendent R am an spectroscopy w as carried  ou t m  order to identify  
any  structu ral changes tha t accom pany  redox  sw itch ing  o f  [O s- 
(bpy)2(4-tet)Cl]ClC>4 m ono layers S urface-enhanced  R am an 
spectroscopy  (S E R S ) is particu larly  usefu l as the enhanced  
sensitiv ity  o f  th is m ethod  a llow s a p ow erfu l insight into the 
m onolayer structure, e g packing density  and adsórbate orienta­
tion, to  be o b ta in e d 30 T he m icroscope R am an techn ique 
em ployed  here allow s the laser to be focused onto  the m odified  
burface elim inating  any  con tribu tion  from  the supporting  
e lectro ly te  o r the e lec trode  shroud  F igure 6A ,B  show s the 
R am an spectra  for [0 s(bpy)2(4 - te t)C l]C 104  m ono layers im ­
m obilized  on a roughened  go ld  m acroelec trode  at ~ 0  200 and
250
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Figure 7 Potential controlled Raman spectra o f [Os(bpy)?(4 tet)Cl] 
C104 monolayers on a gold macrodisk electrode wheie the supporting 
electrolyte is 0 1 M HC104 (a) —0 200 V (b) 0 500 V The wavelength 
of the exciting H e-N e  laser is 632 8 nm
0 500 V  vs A g/A gC l, respec tive ly , w here  the supporting  
e lectro ly te  is 0 1 M L 1C IO 4 The U V —visib le  spectrum  o f  this 
com plex  ind icates tha t the exciting  H eN e laser (632 8 nm ) is 
p reresonan t w ith  the M L C T  (O s(II)—bpy*) transition  T he 
resonance effect is con firm ed  th rough  enhancem en t o f  features 
at 1605, 1553, 1482, 1320, 1268, 1170, 1015, and 669 c n T 1, 
all o f  w h ich  are associa ted  w ith  the b ipyridy l m o ie ties T he 
featu res observed  at 1206, 1042, and  848 c m -1 and  a shou lder 
a t 1607 c m -1 are associa ted  w ith  the  4 -te t ligand  A  w eaker 
feature at 380  cm -1 is associa ted  w ith the O s —N  stretch 
O x idation  resu lts in quan tita tive loss o f  O s - N  m odes and  4-tet 
m odes H ow ever, w hile ox idation  sign ifican tly  changes the 
relative in tensities o f  the  b ipyridy l m odes, they  p e is is t after the 
m ono layer is oxid ized
F igure 7A ,B  illustrates the R am an spectra  o f  a dense 
m ono layer at —0 200 and 0  500 V , respec tive ly , w here the 
supporting  e lectro ly te  is 0 1 M  H C IO 4 V ibrational features 
associate  w ith  O s(bpy)2 rem ain  re la tive ly  u npertu rbed  by the 
presence o f  acid H ow ever, consistent w ith protonation, the 4-tet 
feature at 848 cm -1 d isappears m  low  pH  electro ly te  and  the 
band  overlapp ing  the bpy m ode at 1606 c m -1 is reso lved
O xid iz ing  the m ono layer has a s im ilar im pact on  the R am an 
spectra  in  both  neutral and low  pH  e lec tro ly tes Specifically , 
the low -frequency  O s(II)—N  vibration  co llapses ind icating  
effic ien t ox idation  o f  all the m etal centers and changes are 
observed  in the re la tive  in tensities o f  all bpy  m odes O x idation  
also resu lts m  loss o f  4-tet m odes O xidation  o f  the  m etal results 
in loss o f  M L C T , and  one m ig h t expect tha t the resonance 
condition  w ou ld  be lost H ow ever, after ox idation  the laser 
becom es preresonan t w ith  a bpy*—O s L M C T  transition  and the 
bpy-based  bands con tinue to  be obse rv ed  even  for the ox id ized  
m onolayers, a lbe it w ith  d ifferen t re la tive  in tensities In each  
instance all potential-contro lled  R am an responses are com pletely 
reversib le
Heterogeneous Electron-Transfer Dynamics R edox-active 
bridg ing  ligands are im portan t in tha t th ey  o ffer the possib ility  
o f  s ign ifican t v irtua l coup ling  (superexchange) depend ing  on 
the d ifference betw een  the red o x  po ten tia ls  o f  the bridge and 
rem ote redox  cen ters E lectron  tran sfe r v ia  superexchange m ay  
be the dom inant m echanism  i f  the L U M O  o f  the bndge is sim ilar 
in energy to  the accep tor sta tes o f  the rem ote  redox  cen te r T his 
pa thw ay  predom inates because the  c loseness o f  the  b ridge and 
ledox  cen ter energ ies acts to reduce the ac tiva tion  barrier to 
e lectron  tunneling  In  con trast, i f  the  O s ^ -H O M O  sepaia tion  
is re la tive ly  sm aller, then  H O M O -m ed ia ted  h o le  transfer will 
con tribu te  significan tly  to  the red o x  sw itch ing  m echan ism  The
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presen t system  is particu larly  attractive fo r investigating  this 
issue for tw o reasons F irst, the te trazm e ligand undergoes a 
reduction  reaction  w ith in  an  e lec trochem ically  accessib le  po ­
tential w indow  Second , the H O M O  and  L U M O  levels o f  the 
b ridging ligand  can  be altered  by adjusting  the pH  o f  the 
suppoiting  electrolyte, 1 e  , protonation w ill decrease the electron  
density  on the  b ridge sim ultaneously  m ak ing  it m o re  d ifficu lt 
to  ox id ize b u t easier to reduce  T herefore, unlike trad itional 
a lkanethiol m onolayers in w h ich  bridge states can be m odulated  
only by  synthetica lly  changing the structure, e  g  , by in troducing 
a he teroatom ,31 th is te trazm e offers the  possib ility  o f  a ltering  
the p rox im ity  o f  b ridge and m etal sta tes b y  a sim ple change m 
the chem ical com p o sitio n  o f  the  so lu tion
T he standard  h eterogeneous e le c tro n - tra n s fe r  rate constant, 
kQ, depends on  both  a frequency  factor and  a F ranck—C ondon  
b a r r ie r32 ~34
Aa cxp(—AG /RT) (6)
H ere Att is the p reexponential factor and AG* is the e lec tro ­
chem ical free energy  o f  a c tiv a tio n 35
It is im portant to decouple the free energy and preexponential 
term s since the effect o f  chang ing  bridge states w ill be reflected  
in Att ra th er than  AG* O ne approach  to  decoupling  these tw o 
con tribu tions is to  u se  classical tem peratu re-reso lved  m easu re­
m ents o f  k° to m easu re  the free energy  o f  activation , AG*, 
allow ing Aet to  be determ ined  In  this w ay, in form ation  about 
the strength  o f  e lectron ic  coupling  can  be o b ta in e d 26 A  second 
m ethod  invo lves m easu ring  electron-transfer ra te  constants at 
a single tem pera tu re  over a broad range of reaction  driv ing  
forces F o r exam ple, F ink lea ,36 C h idsey ,8 C reager,37 and  M ur­
ray38 have assem bled  nonad iabatic  e lectron-tunneling  m odels 
that p rov ide  a good  descrip tion  o f  e lectron  tunneling  in 
m ono layers o f  th is k in d 39 40 In th is m odel, the  cathod ic rate 
constant is g iven by in tegral over energy (e) o f  three functions 
(a) the F em u  function  fo r the m etal n(e), (b) a G aussian  
distribution o f  energy levels for accep tor states in the m onolayer 
A )x (e), (c) a p robab ility  factor fo r e lec tron  tunneling , P
(7)
The zero  poin t o f  eneigy  is defined  as the Ferm i level o f  the 
m etal a t the particu lar overpotential o f  in terest T he Ferm i 
function  describes the d istribu tion  o f  occupied  sta tes w ith in  the 
m etal and is defined  by
/i(e) =
1 +  e x p [ ( f  — 6¥)/kT]) (8)
w here Icq is the B oltzm ann  constan t T he density  o f  accep tor 
sta tes is derived  from  the  M arcus theory41 and is rep resen ted  
by eq  9,
D0x(€) = e x p (€ + rj- I)1
4  kXT (9)
w here A is the reo rgan iza tio n  energ y  T he d istance dependen t 
p robab ility  o f  e lectron  tun n e lin g  is g iven  by  eq  10,
P =  e x p  (~ßd) (10)
w here d is the electron-transfei d istance The d istance-dependent 
tunneling  p a iam e te r  u  is taken as 1 6 A _t
Figure 8 Cyclic voltammograms foi a spontaneously adsorbed [Os 
(bpy)i{4 tet)Cl]+ monolayer on a 5 /¿m radius gold microdisk electrode 
where the scan late is 1333 V s-1 Theoretical fits to the data using a 
nonadiabatic electron tunneling model at electrolyte pH values of 0 9 
and 6 0 are denoted by O and □ respectively In both cases X is 27 kJ 
mol-1 while is 1 1 x 10? and 1 L v IQ4 s_I at pH values of 0 9 and 
6 0 respectively
The curren t fo r  the reaction  o f  an  im m obilized  redox  center 
fo llow ing  firs t-o rder k inetics is38
Red t} (11)
w here v and  To* ^ are the instan taneous su rface coverages 
o f  the ox id ized  and  reduced  species and  kon(?f) an d  k^dOj) are 
the reaction  rate constan ts g iven  by  eq  7 or its co m plim en t m  
w hich  »(e) is rep laced  w ith  1 -  n(e) and  —X is rep laced  by +A 
m  eq 9 E nergy-m in im ized  m olecu lar m odeling  indicates that 
that the through-bond electron-transfer d istance is approxim ately 
12 6 A  T herefore, in using  eq 11 to m odel the voltam m etric  
response, there are on ly  tw o free ly  ad justab le  p aram eters, k° 
and AG* (=A /4) T o m odel the experim ental cyclic  vo ltam m o- 
gram s, w e have  u sed  the N elder and  M ead  Sim plex42 algorithm  
to find  the values o f  k° and  AG* that m in im ize the sum  square 
residuals betw een the theo re tica l and  experim ental curren ts 
observed in anodic branches o f  the linear sw eep  vo ltam m o 
gram s
Figure 8 show s the effect o f  changing  the electrolyte pH  from  
6 0 to 0 9 on the experim ental background  co rrec ted  cyclic 
vo ltam m ogram s fo r dense [O s(bpy)2(4-tet)C l]+ m onolayei 
d eposited  on a 5 /m i radius go ld  m icroelec trode  w here the scan 
rate is 1333 V  s~ ‘ A s d iscussed  p rev iously , by carefu lly  
selecting  the electrode rad ius and  by  using  concen trated  
e lectro ly tes, it is possib le  to keep  the  iR d rop  to less than  a 
couple of m illivo lts even  at h igh  scan  ra tes 6 26
F igure 8 show s tha t sa tisfacto ry  ag reem en t is observed  
betw een the experim ental and theoretical anodic peak  potentials 
and peak currents S ignificantly, for both pH  values the optim um  
AG* w as 10 3 ±  11  k J  m o l-1 ind ica ting  th a t the local 
m icroenv ironm en t around  the [O s(bpy)2C l]+ m o ie ty  rem ains 
largely  unchanged  by  pro tonating  the te trazm e ligand H ow ever, 
the quality  o f  the fit show n m  F igure 8 is n o t particu larly  
sensitive to  AG*, e g  increasing  AG* by  25%  increases the 
residual sum  o f  squares betw een the p red ic ted  and  experim ental 
peak  currents by less than  10%  T here fo re , w h ile  fittin g  o f  the 
cyclic v o ltanunogram s can  p rov ide  a conven ien t approach  for
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TABLE 2 Standard Heterogeneous Electron-Transfer Rate 
Constants, h°, F iee Energies of Activation, AG*, and 
Preexponential Factors for the Metal-Based Redox Reaction 
within [Os(bpy)2(4-tet)Cl]+/2+ Monolayers at Different Values 
of Electrolyte pH"
pH 104/fc7s- AGVkJ mol"1
6 01 
0 87
1 15 ±  0 25 
0 12 ± 0  02
9 2 ± 04 
114 + 03
4 7 ± 0 8 
1 2 ±0 1
" Standard deviations are for at least three individual monolayers 
The supporting electiolyte is aqueous 1 0 M  L1CIO4 h Pieexponential 
factoi extracted from the standard heteiogeneous electron transfer rate 
constant using A G *
S C H E M E  1
Energy »f»
4-te r LUMO
;o
HOMO
■■■■■■
AE di-HOMO
DEPROTONATED PROTONATED
determ in ing  k° fo r th is system  it appears to p rov ide  only  an  
app iox im ate  value  for AG* In con trast, the quality  o f  the  fit is 
very sensitive to  k° w hich directly  influences both the peak  shape 
and h alf-w ave poten tial 
A n  im portan t test o f  the re liab ility  o f  the standard  heteroge­
neous e lec tron -transfer rate constants ob tained  is to investigate  
the scan rate  dependence  In this w ay, an  in sigh t in to  the 
d ispersion  in  the k inetics can be ob tained  T he best fits for 
vo ltam m ogram s reco rded  at scan  rates betw een 800 and 4000 
V  s“ ! range from  0 9 x  104 to  \ 4 x  104 s-1 and  1 0 x  103 to 
1 4  x  103 s_ l , w here the  e lec tro ly te  pH  is 6 01 and  0 87, 
respec tive ly  T h ese  resu lts ind icate  tha t the m ono layers are 
accep tab ly  km etica lly  m onod isperse  T he d ispersion  tha t is 
observed  is m ost likely  related  to  the concen tra tion-dependent 
destabilizing lateral interactions found in the adsorption isotherm  
and rather broad peaks observed in slow  scan ra te  voltam m etry  
P erhaps the m ost s ign ifican t conclusion  o f  F igure 8 is that 
heterogeneous electron  transfer is slow er for the p ro tonated  than 
for the deprotonated  system  The op tim um  value o f t 0 decreases 
by 1 order o f  m agn itude  from  11  x  104 s _1 to 1 2 x  103 s_1 
(Table 2) w hen  the te traz ine  ligand  is p ro tonated  In bridge- 
m edia ted  redox  reactions o f  this type, the electron ic  pathw ay  
is determ ined  by the relative gaps betw een the m etal cbr orbital 
involved in the redox  step  and the H O M O  and L U M O  o f  the 
b ridge P ro tonation  decreases the e lectron  density  on the 
te trazm e sh ifting  both  the  b ridge oxidation  and reduction  
p o ten tials in a positive  potential d irection , 1 e , sim ultaneously  
m aking  it m ore d ifficu lt to  ox id ize but easier to  reduce the 
bu d g e  The fact tha t w e observe a sign ifican t decrease in k° 
ind icates that it is the bridge H O M O  that m ed ia tes the redox  
process, 1 e , the larger drr— H O M O  separa tion  in the pro tonated  
te trazine causes k° to decrease  T his H O M O -m ed ia ted  hole 
transfer m echan ism  is consisten t w ith  studies on  re la ted  m ixed- 
valence com plexes w h ich  suggest that e lectron-rich  jr-donating  
linkers o f  this type supp o rt ho le  superexchange reactions 43 A s 
illustrated  in Schem e 1, the ho le is d irected  th rough  the H O M O  
orbital o f  the b ridge, c rea tin g  a “v irtual h igh -energy  state In 
this tunneling  pathw ay , the  b ridge is fo rm ally  considered  to  
oxid ized  by the traversing  hole T herefore, the energy difference 
and degree o f  o rb ita l m ix ing  betw een the m etal and  b ridge w ill 
d irectly  im pact the rate o f  e lec tron  tran sfe r across the bridge
C o n c lu s io n s
Stable c lose-packed  m ono layers o f  [0 s(b p y )2(4 -te t)C I]C 104  
have been form ed on  gold m icroelectrodes, bpy  is 2,2/-bipyridyl, 
and 4 -te t is 3 6 -b is(4 -p y n d y l)-1,2 ,4 ,5 -te traz ine  T he adsorbed  
m onolayers exh ib it w ell-defined  vo ltam m etn c  responses for 0 5 
<  pH  <  8 0  P rob ing  the pH  dependence  o f the in terfacial 
capac itance  reveals tha t the te trazm e b ridg ing  ligand  is capab le 
o f  undergo ing  a p ro tonation /dep ro tonation  reac tio n  w ith  a pA'd 
o f  2 7 ±  0 6 T his value is ind istingu ishab le  from  that found 
fo r the com plex  in so lu tion  T h is resu lt, coup led  w ith  a 
m onolayei d ielectric  constan t o f  50 3 ±  6 9, suggests that the 
film  is h igh ly  solvated and  perm eable to  electro ly te 10ns C yclic 
vo ltam m etry  at scan ra tes u p  to  4000  V  s ' 1 has been used to 
p robe the rate o f  he tero g en eo u s e lec tron  tran sfe r across the 
m onolayer/m icroelec trode  in terface M odeling  the com plete 
cyclic vo ltam m ogram  suggests tha t red o x  sw itch ing  proceeds 
v ia  a nonadiabatic th rough-bond  tunneling  m echan ism  S ignifi­
cantly , p ro tonating  the te trazm e ligand  decreases the standard  
heterogeneous e lec tron -transfer ra te  constan t by 1 o rd er o f  
m agnitude from  (1 15 ±  0 25) x  104 to (0  12 ±  0 02) x  104 
s ^ 1 T his observation  is consisten t w ith  m ed ia ting  electronic 
sta tes w ith in  the bridg ing  ligand (superexchange) p lay ing  an 
im portan t ro le  in the red o x  sw itch ing  process Specifically , the 
results suggest tha t hole transfer is m ediated  through  the highest 
occupied  m o lecu la r o rb ita l (H O M O ) o f  the te trazm e ligand  
Pro tonating  the b ridge increases the  energy  d ifference betw een  
the b ridge states and  the O s2+/3+ redox  reaction  T herefore, 
p ro tonation  causes the standard  rate constan t to  decrease
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2 A bstract
3
4 Solid depo sits  o f  the  d im eric  com plex  [O s(bpy)2Cl 4 b p t O s(b p y )2C l]P F 6 w here bpy  is 2,2" b ipy ridy l a n d  b p t is 3 5 b is(p y rid in  4
5 yl) 1 2 4 tn a z o le  have  been d ep o sited  o n to  p la tin u m  m icro e lec tro d es T hese layers exh ib it unusu a lly  ideal e lec trochem ical responses
6 over a w ide ran g e  o f  e lec tro ly te  c o m p o s itio n s  a n d  p H  values S can n in g  e lec tron  m icro sco p y  reveals th a t  rep ea ted  sw itch ing  o f  the
7 redox  co m p o s itio n  o f  these  layers do es n o t induce any  sign ifican t s tru c tu ra l chan g e  w ith in  the  d ep o s its  C yclic v o ltam m etry  (CV )
8 has been used to  d e te rm in e  the  a p p a re n t ch arg e  tr a n sp o r t  d iffu sion  coeffic ien t, Dev, describ in g  h o m o g en eo u s ch arg e  tr a n sp o r t
9 th ro u g h  the  dep o sit Dcr  is in d ep en d en t o f  th e  elec tro ly te  c o n c e n tra tio n  suggesting  th a t e lec tro n  se lf exchange betw een  ad jacen t
0 redox  cen tres  lim its th e  overall ra te  o f  ch arg e  tr a n sp o r t th ro u g h  the  solid  In  1 0 M L 1C IO 4 an d  I 0 M H C IO 4 DCJ values o f  2 0 ±
1 0 1 x 10”  10 and  1 7 + 0  4 x 10~ 10 cm 2 s~  1 a re  observ ed , c o rre sp o n d in g  to  second  o rd e r e lec tro n  tra n sfe r  ra te  co n s ta n ts  o f  1 8 x 107
2 and  3 0 x  107 M - 1 s - 1 , respectively  T h e  ra te  o f  h e te ro g en eo u s e lec tro n  tra n sfe r  ac ro ss the  e lec tro d e  | d ep o s it in te rface  h as been
3 dete rm in ed  using  fast scan CV  T h e  s ta n d a rd  h e te ro g en eo u s e lec tro n  tra n sfe r  ra te  c o n s ta n t, k°, is 1 5 ± 0  1 x 10” 4 s “  1 irrespective
4 o f  the  e lec tro ly te  pH  S ign ifican tly  th is value is less th an  o n e  o rd e r o f  m a g n itu d e  sm aller th a n  th a t  d e te rm in ed  fo r a m o n o m eric
5 com plex  co n ta in in g  th e  sam e b rid g in g  ligand  an d  redox  active m etal cen tre  ©  2002 P u b lish ed  by  E lsevier Science B V
6 K e y  w o i d s Solid state voltammetry Osmium dimers Charge transport Electron transfer dynamics Resistance
7 1 Introduction
8 T he dynam ics o f  e lec tron  tran sfe r and  m ass tra n sp o rt
9 processes w ithin solids have been investigated  only
0 relatively lecently  [1,2] T his situa tion  is strik ing  given
1 the p ivotal lo les th a t so lid -sta te  ledox  active m ateria ls
2 play in devices including optical de tec tors, energy
3 storage, m olecu lar electronics, ca ta lysts and  sensors
4 [ 3 - 8 ]  H ow evei, these app lica tions dem and  th a t the
5 ledox  com position  o f the solid  can be sw itched rap id ly
6 in response to  an app lied  p o ten tia l, 1 e d iffusion o f
7 charge com pensa ting  co un te rions th ro u g h  the solid
8 m ust be rap id  co m p ared  to  elec tron self-exchange
? betw een ad jacen t cen tres O sm ium  com plexes ough t to
D be p a iticu la ily  useful in this regard  because o f then
1 stability  in nu m eio u s ox ida tion  sta tes and  very large
* Corresponding author Tei +353 1 7045943 fax +353 1 
7045503
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self-exchange ra te  co n stan ts  [9 10] W e recently dem on- 42
stra ted  th a t  the ra te  detei m in ing  step  foi charge  tian s- 43
p o it th ro u g h  solid deposits o f  [O s(bpy )2 4-bp t Cl] is 44
lim ited by coun te rion  d iffusion la th e i th an  e lec tron  self- 45
exchange [11] H ow evei using com plexes w ith bu lk ier 46
side groups appears to increase the fiee volum e w ithm  47
the solid deposit fac ilita ting  rap id  redox  sw itching ra tes 48
an d  elec tron self-exchange as the  ra te  de term in ing  step  49
[12] A n a lte rna tive  ap p ro ach  is to  crea te  dum b-bell 50
shaped  m olecules by linking two redox ac tive  m eta l 51
centres th ro u g h  an  electrochem ically  innocen t b ridge 52 
Solid deposits o f m ateria ls o f this k ind  could  then  be 53
used to investigate the le la tive con ti lbu tions from  bo th  54
th rough -space  and bridge m ed ia ted  e lec tion  tian sfe i 55
processes 56
In this con ti lbu tion , we rep o rt on  so lid -s ta te  deposits 57
o f  the d im eric com plex [O s(bpy)2Cl 4 -bp t O s(b- 58
py)2C l]P F 6 (Schenic 1) th a t a re  m echanically  a ttached  59
to  a p la tinum  m icroelec trode  T his com plex is inso lub le  60
in w ater allow ing the solid s ta te  redox p io p erties  to  be 61
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exam ined w hen the deposits are in co n tac t w ith an  
aqueous electro ly te. T hese deposits exhibit unusually  
ideal vo ltam m etric  responses fo r the O s2+/3+ redox  
reaction . A n o th e r a ttrac tiv e  fea tu re  o f these d im ers is 
th a t the triazo le  b ridge is capab le  o f  undergoing  
p ro to n a tio n /d e p ro to n a tio n  reactions. In this way, the 
ex tent o f  elec tron ic  com m un ica tion  betw een the m etal 
centres can  be reversibly m odu la ted . T he rem arkab le  
ideality  o f  the vo ltam m etric  response o f  these m ateria ls 
allow s us to  o b ta in  an  insigh t in to  charge  tran sfe r w ithin 
the solid deposit as the co n cen tra tio n  o f  the su p p o rtin g  
elec tro ly te is system atically  varied  a t b o th  h igh and  low 
pH  values. M oreover, a t high vo ltam m etric  scan rates, 
the ra te  o f  elec tron  tran sfe r across the depos­
it | elec trode in terface influences the observed response 
allow ing the s tan d a rd  heterogeneous elec tron  tran sfe r 
ra te  co n stan t, k°, to  be determ ined . Significantly, the  fc° 
value o b ta ined  fo r m echanically  a ttach ed  solid deposits 
is app rox im ate ly  one o rd e r o f  m agn itude  sm aller than  
th a t de term ined  for m ono layers in w hich [O s(bpy)2C l]+ 
centres are linked to  an  e lec trode surface using  the sam e 
b p t b ridge [13]. T hese studies p rov ide  an  insight in to  
how  the m ethod  o f  a tta ch m en t o f  m olecu lar m ateria ls 
on to  m etal substra tes affects the ra te  o f  in terfacial 
elec tron  transfer.
2. Experimental
2.1. Synthesis and characterisation
2.1.1. [O s(b p y)2Cl 4-bpt O s(bpy)2C l](P F 6) 2 
[Os(bpy)2 4-bpt C1]PF6 was synthesised as described
previously [13]. [Os(bpy)2 4-bpt O s(bpy)2C l2](PF6)2 was 
synthesized by dissolving [Os(bpy)2 4-bpt C1]PF6 (0.503 
g, 0.56 m m ol) in 50 cm 3 o f  EtOH and heating to reflux. 
A molar equivalent o f  [Os(bpy)2 C l2] (0.314 g, 0.55  
mmol) was dissolved in 30 cm 3 o f  EtOH and added in 
three lots to the refluxing solution. The solution was 
then refluxed for a further 36 h. After cooling, a 
concentrated solution o f  aqueous N H 4P F 6 was added
to precipitate the dark purple-brow n com plex. The 99
product was recrystallised by dissolving the com plex in 100
50:50 C 3H 60 + w a te r  in the presence o f  a sm all am ount 101
o f acid to ensure com plete protonation o f  the 4-bpt 102
bridge, follow ed by slow  evaporation o f  the organic 103
solvent. Yield: 0.724 g, 83%. The purity o f  the recrys- 104
tallised product was confirm ed using cation exchange 105
HPLC (single peak, retention time 5.4 min) and 106
elem ental analysis (Calc, for C 52H 4oC12F 12N i3O s2P2: 107
C, 39.3; H , 2.5; N , 11.4. Found: C, 39.2; H , 2.7; N , 108
11.3%). 'H -N M R  data (C D 3CN): bipyridyl, H3 (d), 109
8 .4 7 -8 .5 2 , H4 (t), 7 .8 4 -7 .8 9 , H 6 (d), 7 .6 2 -7 .6 4 , H 5 (t), 110
7 .2 8 -7 .32 , 4bpt, H 2, 9.43 (d), H 3, 8.50 (dd), H 5 7 .9 6 -  111
7.92 (dd), H 6 9.93, H 2', 7.54 (dd) H r , 8.17 (d), H 5', 8.23 112
(d), H 6", 7.78. 113
2.2. Instrumentation 114
M icroelectrodes were p rep ared  using p la tin u m  m icro- 115
wires o f  radii betw een 1 and  25 jam sealed in a  glass 116
sh ro u d  th a t were m echanically  po lished  as described 117
previously [14]. E lectrochem ical c leaning o f  the elec tro- 118
des was carried  o u t by cycling in 0.1 M  H 2S 0 4 betw een 119
po ten tia l lim its chosen to  oxidize in itially  an d  then  to  120
reduce the surface o f  the p la tin u m  elec trode. Excessive 121
cycling was avo ided  in o rder to  m inim ize the ex ten t o f  122
surface roughening . 123
Cyclic voltammetry (CV) was performed using a CH 124
Instruments M odel 660 electrochem ical workstation and 125
a conventional three electrode cell. A ll solutions were 126
deoxygenated thoroughly using nitrogen, and a blanket 127
o f nitrogen was maintained over the solution during all 128
experiments. Potentials are quoted with respect to a 129
BAS A g | AgCl gel-filled reference electrode in which 130
the electrolyte concentration is 3.0 M N aC l. A ll experi- 131
ments were performed at room  temperature (22 +  3 °C). 132
Tw o ap p roaches w ere used to  tran sfe r the solid  o n to  133
the surface o f  the w ork ing  elec trode. In  the first m ethod , 134
the solid was tran sfe rred  from  a filter p ap er o n to  the 135
surface o f  the elec trode by m echanical ab ras io n . T his 136
process caused som e o f  the com plex to  adhere  to  the 137
surface as a ran d o m  a rray  o f  m icropartic les. In  the 138
second ap p ro ach  th a t was used to  achieve h igh surface 139
coverages, a  d ro p  o f  M illi-Q  w ate r w as first added  to  the 140
com plex before app ly ing  the  m ate ria l to  the  elec trode  141
surface as a paste. P rio r to  e lec trochem ical m easure- 142
m ents the paste  w as allow ed to  dry . D eposits  p rep a red  143
by b o th  m ethods give ind istingu ishab le  electrochem ical 144
responses. T he stab ility  o f  the solid  deposits  p repared  by 145
the tw o m ethods is com parab le . A fte r use, the e lec trode 146
surface w as renew ed by po lish ing  using aq u eo u s slu rry  147
o f 0.05 \im  a lum ina . 148
S canning  e lec tron  m icroscopy  (S E M ) w as perfo rm ed  149 
using a H itach i S-3000N  system . F o r  SE M  investiga- 150
tions, deposits w ere fo rm ed on 3 m m  rad iu s g rap h ite  151
disks llra t w ere m o un ted  d irectly  in the m icroscope. In  152
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electrochemical investigations, the m odified disks were 
cycled electiochem ically and then the layers were 
allowed to soak in electrolyte fiee M illi-Q water for at 
least 30 mm before being washed copiously and then 
dried in a vacuum dessicator foi several hours 
U V -v is  spectra for the solid state deposits were 
recorded using a N ikon  Eclipse M E600 microscope 
equipped with both a 100W halogen lamp and a 100 
W mercury arc source The films were deposited on 
conducting glass slides (ITO) and w eie positioned  
against a w atei-im m ersion objective (10 x m agnifica­
tion) and observed through the m icroscope An 
A g | AgCl reference electrode and a large area platinum  
wire completed the three electrode electrochemical cell 
Spectra were recorded using an Andor Technology  
gated intensified C C D  coupled to an O nel model 
M S 125 spectrograph fitted with a 600 lines/in grating 
Typically the gate width was 2 ms and for surface 
coverages less than 1 x 10~ 7 m ol c m " 2, signal averaging 
was necessary The potential o f the working ITO  
electrode was controlled using a CH Instruments M odel 
660 electrochemical workstation A  D ell D im ension  
Pentium PC was used for data acquisition and analysis
3 Results and discussion
3 1 Break-in phenomena
Fig 1 illustrates the initial voltam m etric response 
obtained when a solid deposit o f  [O s(bpy)2Cl 4 -bp t 
O s(bpy)2C l]P F 6 is first voltammetrically cycled in 80 20 
H 20  + acetom tn le  where the supporting electiolyte is 0 1 
M L 1C IO 4 D uring these initial scans, the peak shape
E  i  V vs Ag|AgCl
Fig 1 First 50 sweeps of a voltammetric cycle for a solid state 
[Os(bpy)2 4bpt Os(bpy)2Cl2](PF6)3 deposit attached lo a 25 |4m radius 
platinum microelectrode The supporting electrolyte is 0 1 M  L1CIO4 
containing 20% acetomtnle The scan rate is 0 2 V s~'
changes and the anodic peak current, Ipd, decreases by 
approxim ately 40% while the cathodic peak cuirent, / pc, 
decreases by approxim ately 15% Significantly, after 
approxim ately 50 scans, the response no longei changes 
when the deposit is repeatedly cycled and remains stable 
for more than 24 h The obseivation  that the greatest 
deciease is obseived in 7pd suggests that the changes 
observed may be linked to transport o f  chaige com pen­
sating perchlorate 10ns into the deposit However, 
differences in solubility o f  the oxidized and reduced 
forms, as well as ledox dnven structural changes may 
also contribute to the observed behaviour
SEM has been used to probe whether cycling the 
redox com position o f the solid deposits changes their 
m oiphology  SEM  images have been obtained after 
solid deposits have been repeatedly cycled for up to 2000 
scans at 0 1 V s ~ l Fig 2A shows that, prior to 
voltam m etric cycling, the deposits are unstructured  
and show no evidence o f being m acroscopically crystal­
line Fig 2B and C reveal that after cycling the layers in 
both neutral (1 0 M L1CIO4) and low pH electrolytes 
(1 0 M HCIO4) the deposits remain in a non-crystalline, 
am orphous state This behaviour contrasts sharply with 
that found for the coriesponding m onom ei [Os(bpy)2 4- 
bpt C1]PF6, which electrocrystallised when cycled in 1 0 
M HCIO4 [11] It is perhaps significant that the overall 
charge is significantly higher for the oxidised d im ei, 1 e 
-f3  at high pH and, because the triazole ligand can be 
protonated, + 4  at low pH  The corresponding charges 
for the m onom er are + 1  and + 2  Therefore, greater 
electrostatic repulsion as well as the greater difficulty o f  
achieving efficient close packing in the dimers may 
inhibit electrocrystallisation However, the m ost signifi­
cant result o f Fig 2 is that the changes observed in the 
voltam m etry when the deposits are first cycled, do not 
correspond to a significant change in the m orphology o f  
the deposits
3 2 General electrochemical properties
Fig 3A illustrates the voltam m etric lesponse obtained  
for a 2 mM  solution o f [Os(bpy)2Cl 4-bpt Os (bpy)2Cl]'f 
dissolved m acetom tnle where the supporting electrolyte 
is 0 1 M LiC104 For the dimer dissolved in solution, 
two, electrochem ically reversible, waves are observed  
with foim al potentials o f 0 320 and 0 760 V These redox 
waves correspond to the metal based O s2 + /3 + redox 
reaction Since the dinuclear com plex is highly sym ­
metric, on ly electrostatic interactions, solvation energies 
and the extent o f  electronic coupling across the 4-bpt 
bridge a ie likely to be responsible for the relatively large 
separation between the tw o foim al potentials [15]
Fig 3A also illustrates the voltam m etric response 
observed for a solid deposit o f  the com plex after 
approxim ately 50 repetitive scans Significantly, only a 
single redox process is observed even when the positive
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Fig 2 SEM images of a 3 mm radius graphite disk modified with a 
mechanically attached layei of [Os(bpy)2 4bpt Os(bpy)2Cl2Î(PF6) 3 (A) 
is the deposit prior to voltammetric cycling (B) is after 2000 scans in 
1 0 M L1G O 4 and (C) is after 2 0 0 0 scans in 1 0 M  HCIO4 
Electrochemical scans were performed at 100 mV s- 1 between -100 
and +800 mV vs Ag | AgCI
p o ten tia l lim it is extended to  1 200 V H ow evei, the 237
response observed is unusually  ideal fo r a  solid deposit 238
and  is sim ilar to  th a t fo und  fo r the com plex dissolved in 239
aceton itrile  F 01 exam ple, as expected  fo r a  reversible 240
electrochem ical process un d er sem i-infin ite d iffusion 241
con tro l, the  peak  cu rren ts  increase lineaily  w ith increas- 242
ing square lo o t o f  the scan ra te , v A lso, the peak-to - 243
peak  sep a ia tio n , A E p, an d  the difference betw een the 244
peak  p o ten tia l, EP, and  half-peak  po ten tia l, Ep/2, are 245
b o th  57 +  3 m V Significantly , these values are consisten t 246
w ith a  reversible electrochem ical reac tion  involving the 247
tian sfe r o f a single e lec tron  T herefo re , it ap p ears  th a t 248
only one o f the osm ium  sites w ithin the d im er can be 249
oxidized w hen the com plex is im m obilized w ithin a solid  250
deposit T his behav iou r could  arise because o f  increased 251
e lec trostatic  m tei actions due  to the close p rox im ity  o f 252
ad jacen t redox centres in the solid deposit o r from  a 253
relatively high Gibbs energy ba rrie r to an ion  insertion  254
into  the solid T he fo rm al p o ten tia l o f the O s2+/3+ 255
couple  is 40 ± 5  m V  less positive fo r the solid deposit 256
com pared  to the d im er dissolved in aceton itrile  This 257
resu lt indicates th a t oxidizing the m etal cen tre  is 258
therm odynam ically  m ore facile w hen the d im er is 259
im m obilised w ith in  a solid deposit H ow ever, while 260
this behav iou r suggests th a t the G ibbs energy b a rrie r 261
to  an ion  insertion  is n o t significant, the sm all differences 262
in E° observed m ost likely leflect a highei dielectric 263
co n stan t w ith in  the solid deposit than  th a t o f acetom - 264
trile T his resu lt suggests th a t redox centres w ithin the 265
deposit are a t least p a rtia lly  so lvated  w hich is consisten t 266
w ith  the nearly  ideal vo ltam m etry  illu stra ted  in Fig 3A 267
Fig  3B illustrates the electrochem ical response o f  268
solid deposits o f [Os(bpy)2Cl 4-bpt O s(bpy)2C l]+ when 269
they are cycled in either entirely aqueous 0 1 M L1CIO4 270
or 80 20 H 20  +  A C N  containing 0 1 M L 1CIO4 as 271
supporting electiolyte Even where the electrolyte solu- 272
tion contains 20% v/v acetonitrile, 7pi and / pc change by 273
less that 10% over an 8 h period suggesting that 274
significant dissolution does not occur At this scan 275
iate, the voltammetric response observed for the deposit 276
in contact with the solution containing the 01 game 277
solvent is sharper (F W H M  is 135 +  5 mV compared to 278
190 ±  10 mV in the absence o f  acetonitrile) and the peak 279
shape is consistent with mixed sem i-infinite linear 280
diffusion and finite diffusion control These observa- 281
tions suggest that the iate o f chaige transpoit through 282
the deposit is faster when the contacting solution 283
contains acetonitrile 284
3 3 Potential dependent U V -vis spectroscopy 285
Since these deposits consist o f  discrete particles, not 286
all o f  which may be m direct electrical contact with the 287
electiode, it is im poitant to deteim ine what percentage 288
o f the deposit is electiochem ically active In this way, an 289
insight can be obtained into the extent to which 290
284
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Fig 3 (A) Cyclic voltammograms for i 2 m M  solution (thin line) of [Os(bpy)2 4bpt Os(bpy)2Cl2] at a scan rate of 1 5 V s- 1 (thin line) and a solid 
state layei of [Os(bpy)2 4bpt Os(bpy)2Cl2] (thick line) mechanically attached to a 25 |^ m radius Pt microelectrode at a scan rate of 2 V s ” 1 (B) Cyclic 
voltammograms for an [Os(bpy)2 4bpt Os(bpy)2Cl2] (PFsh deposit that is mechanically attached to a 2 5 radius platinum microelectrode in 
aqueous 0 1 M  L1CIO4 (thick line) and in 0 1 M  L1CIO4 containing 20% acetomtrile (thin line) The scan rate is 0 2 V s - 1
individual particles are interconnected Potential depen­
dent U V -v is  spectroscopy represents a convenient 
appioach to probing this issue Fig 4 illustrates the 
changes in the U V -v is  spectrum that occur during 
electrolysis o f  a solid state deposit in aqueous 1 0 M
Wavelength / nm
I tg 4 Time dependent changes in the UV-vis spectium of i solid 
state {Oi(bpy)2 4bpi O^ bpyhChKPFi,)-; deposit attached to an ITO 
eleuiode when electrolysed at -(-0 600 V in 1 0 M LiC!04 Horn top to 
bottom the spectra lepresent electrolysis times of 0 10 20 40 80 120 
and 140 s The inset shows a plot of the absorbance at 490 nm vs time
L 1CIO4 at + 0  600 V All changes a ie com pletely 296
reversible, 1 e the peak intensities return to greater 297
than 95% o f their initial value when the deposit is 298
oxidised and then re-reduced This behaviour persists 299
over at least five potential cycles The surface coveiage 300
determined from the background corrected charge 301
passed in the 5 mV s -1  anodic bianch o f  the voltam m o- 302
giam  is approxim ately 5 x 10~ 8 mol c m - 2  Prioi to 303
oxidation, the deposit shows strong absorbances be- 304
tween 330 and 530 nm that a ie  attributed to Os (du) to 305
bpy and bpt ( t u * )  M LCT transitions The dashed line o f  306
Fig 4 shows the spectrum obtained for the com plex 307
dissolved in acetomtrile and indicates that the spectro- 308
scopic transitions and relative peak intensities o f  the 309
solid deposits are generally consistent with those ob- 310
served for the com plex m solution However, the 311
absoiption  maxima a ie typically shifted to lower energy 312
by approxim ately 10 nm for the solid deposits C on- 313
sistent with oxidation o f the Os2+ centres, the intensities 314
o f the M LCT bands decrease system atically with 315
increasing electrolysis time Significantly, despite the 316
fact that this deposit is less than a 1 jim thick, the 317
spectium  changes continuously for periods up to 40 s 318
suggesting that solid state charge transport is îelatively 319
slow in this system The inset o f Fig 4 show s the 320
absorbance (490 nm) veisus time p iofile foi the deposit 321
and indicates that even for very long electiolysis times 322
the absoi bance al 490 nm never decays to zero This 323
behaviour contrasts with previously repoited systems 324
w heie exhaustive electrolysis caused com plete collapse 325
285
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o f the M LCT wave [11] The obseivation  that exhaustive 
electrolysis decreases the absorbance to approxim ately  
50% o f its initial value is significant and supports the 
voltam m etnc data presented earlier which suggested  
that only one Os2+ site within the dimer is oxidized for 
the solid deposits M oreover, this observation suggests 
that the individual particles are highly interconnected  
and that close to 100% o f the immobilised particles are 
electrochemically active, at least on a hundreds o f  
seconds timescale
3 4 Effect o f  electrolyte p H
The 4-bpt bridge is capable o f undergoing a protona- 
tion/deprotonation reaction which will influence both 
the strength o f  electronic coupling between the two 
metal centies and the overall chaige on the com plex 
T heie have been suiprisingly few studies on the impact 
o f p iotonation  reactions on the structure o f solid state 
m atenals This situation is striking because careful 
studies on biosystem s have proven that both the 
secondary structure and hydrogen bonding play critical 
roles in dictating the efficiency o f  long-range electron  
transfer [16] Fig 5 illustrates the voltam m etnc response 
obtained for solid deposits o f the dimers in 0 1 M H C 104 
and 0 1 M L 1CIO4 where the solvent is 80 20 H 2O +  
A C N  The peak shapes observed at each pH are similar 
and do not change significantly upon repetitive cycling 
in either electrolyte However, m low  pH electrolyte, the 
formal potential is approxim ately 35 mV more positive 
than that found in near neutral electrolyte The ob­
servation that E °' is more positive in low pH electrolyte
E / V vs AgJAgCl
Fig 5 Cyclic voitdinmograms for an [Os(bpy)2 4bpt Os(b 
pyhChKPFfh deposit that is mechanically attached to a 12 5 f.im 
radius platinum rrncroelectiode in 0 1 M  UCIO4 containing 20% 
acttomtrile (thick line) and in 0 I M  HCIO4 contunmg 20n/ 
acetomtnle (thin line) The scan rate is 2 0 V s“ 1
indicates that the Os centres are therm odynam ically 356
more difficult to oxidise when the 4-bpt ligand is 357
piotonated  A reduced electron donating ability o f  the 358
protonated ligand and the higher overall positive charge 359
within the layer are likely to contribute to this effect 360
3 5 Resistance and interfacial capacitance 361
W hen a ttem p tin g  to  ex trac t q u an tita tiv e  d a ta  from  362
v o ltam m etn c  d a ta , e g fo rm al p o ten tia l, charge  tran s- 363
p o rt d iffusion  coefficients o r he te rogeneous e lec tron  364
tran sfe r ra te  constan ts , it is im p o rtan t to  consider the 365
effects o f  b o th  the elec trode response tim e an d  ohm ic 366
effects A lso, by exam in ing  the resistance as a function  367
o f the su p p o rtin g  electro ly te co n cen tra tio n , it ough t to  368
be possible to  o b ta in  a  lim ited insight in to  the perm e- 369
ability  o f the deposit tow ards elec tio ly te  10ns W hen a 370
polycatiom c deposit is placed in a  d ilu te so lu tion  o f  a 371
sti ong electrolyte, the co n cen tra tio n  o f  coun te i 10ns (P F 6 372
in this case) w ith in  the deposit is typically  considerab ly  373
larger than  th a t found  in the co n tac tin g  so lu tion  F o r  374
the deposits considered  here, the an ion  co n cen tra tio n  375
initially  p resen t m the deposit is expected to  be betw een 376
1 5 an d  3 M depending  on the ex ten t o f p ro to n a tio n  o f  377
the 4 -bp t ligand T hus, under the influence o f  the 378
con cen tra tio n  grad ien t, co u n te rio n s m ay diffuse from  379
the deposit in to  the so lu tion  until the co n cen tra tio n s 380
becom e equal in the tw o phases H ow ever, if d iffusion  o f  381
charged  co u n te rio n s occurs, then  e lec tro n eu trah ty  382
w ithin the deposit w ould  be v io lated , an d  an electrical 383
po ten tia l w ould  develop a t the in terface T his ‘D o n n an  384
p o ten tia l’ w ould  then  increase until equ ilib rium  was 385
reached  in w hich it com pletely  opposes the tendency o f  386
the coun terions to m ove dow n the con cen tra tio n  387
g rad ien t U ndei these equ ilib rium  cond itions the net 388
diffusion o f coun te rions across the in terface w ould  be 389
zero , and  co-ions w ould  be excluded from  the solid 390
deposit [17] 391
We have p robed  the existence o f  such a  perm selective 192
response for these solid  deposits by determ in ing  the 393
co n tr ib u tio n  o f the deposit resistance to  the to ta l cell 394
resistance as the su p p o rtin g  elec tro ly te  co n cen tra tio n  is 395
changed  In the case o f  an  ideally  perm selective 396
response, 10ns w ould  be effectively excluded from  the 397
m em brane, an d  the deposit resistance w ould  be inde- 398
penden t o f  the su p p o rtin g  elec tro ly te  co n cen tia tio n  T o  399
determ ine the to ta l cell resistance, we have perfo rm ed  400
sh o rt tim escale, sm all am plitude , p o ten tia l step  ch ro n - 401
oam perom etry , in a  po ten tia l region w here no  F a ra d a ic  402
response is observed In a  typical experim ent, the 403
po ten tia l w as stepped  from  —50 to  0 mV a t b o th  bare  404
and  m odified  m icroelec tiodes, an d  the resu lting  cu rren t 405
w as recorded  over the fo llow ing 20 |is T his capacitive 406
cu rren t versus tim e tran sien t can be described by Eq (I) 407
[18] 408
286
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where AE  is the pulse amplitude, R  is the total cell 
lesistance, and CdJ is the integral double layer capaci­
tance For both m odified and bare electrodes, the 
current decays in time according to a single exponential, 
which is consistent with double layer charging alone 
[17] Fig 6 illustrates Ic(t) versus t and sem i-log cuirent 
versus time plots for the solid deposits as the lithium  
perchlorate concentration is changed from 0 1 to 0 5 to 
1 0 M The absolute slope o f the sem i-log plots 
represents the reciprocal o f the cell time constant 
RCd\ Tabic 1 presents RC& values for an electrode 
before, and after m odification with the dimer as a 
function o f the perchlorate concentration This table 
shows that both the bare and the m odified electrode cell 
time constants decrease with m cieasing electrolyte 
concentration as expected [17] However, the lesponse  
time is considerably more sensitive to the supporting  
electrolyte concentration for the m icroelectrode coated  
with the solid deposit It is apparent from Eq (1) that R 
can be extracted fiom  the intercepts o f the sem i-log plots 
shown in Fig 6 F ig 7 shows the total cell resistance for 
a bare and a coated electrode as the pei chlorate 
concentiation  is changed from 0 1 to 1 0 M It is 
apparent that in both circumstances R  is reduced at 
high electrolyte concentrations reflecting a reduced 
solution resistance Significantly, for perchlorate con­
centrations greater than about 0 5 M , the total cell 
resistance with and w ithout the deposit are indistin­
guishable This result suggests that, for relatively high 
electrolyte concentrations, the deposit resistance is low  
probably because electrolyte can permeate the mdivi-
T im e / j is
Fig 6 Cuirent-time transients for a 25 jim radius platinum micro 
clectrode modified with an [Os(bpy) 2 4bpt Os(bpy)2Cl2](PF6) 1 deposit 
following potential steps from — 0 050 to 0 000 V From top to 
bottom the data correspond to aqueous 0 10 5 and I 0 M  LiC104 as 
supporting electrolyte The inset illustrates the corresponding semi log 
current vs time plots
dual particles that exist on the m icroelectrode surface, 440 
vide infra 441
3 6 Homogenous charge transport rates 442
The well-defined metal-based oxidation observed for 443
this solid deposit makes them attractive system s for 444
investigating the dynamics o f  charge transport in the 445
solid state To achieve this objective, CV has been used 446
to determine apparent diffusion coefficients as the 447
concentration o f  supporting electrolyte is varied system- 448
atically Figs 8 and 9 show how  the voltam m etric 449
responses obtained for solid deposits change as the scan 450
rate is varied systematically from 200 to 800 mV s _ l  in 451
acidic and neutral electrolytes, respectively Foi this 452
range o f scan rates, as illustrated in the figure insets, the 453
voltammetric peak currents increase as vi/2 This beha 454
viour is consistent with sem i-infinite lineai diffusion 455
conti ol in which the deposit is not exhaustively electio- 456
lysed and the depletion zones remain within individual 457
mici oparticles Under these circum stances, the peak 458
current, 7p, can be described in terms o f  the R a n d les- 459
Sevçik equation 460
/ p =  2 6 9 x l 0 V /2/)Z >^celrv|/ 2 (2) 461
where n is the number o f  electrons transferred, A is the 
area o f the working electiode, Z)CT is the apparent 462
diffusion coefficient and cefr is the effective fixed site 463
concentration o f  the redox centre P ievious studies on 464
structurally related systems and crystallographic data 465
suggest that the fixed site concentration is 1 7 ± 0  05 M 466
[11,19] A nalysing the data presented in Figs 8 and  9 467
using this approach, yields D c t  values o f  2 0 ± 0  6 x 468
10“ 10 and 2 0  +  0 5  x 10“ 10 cm 2 s " 1 in 1 0 M L1CIO4 469
and 1 0 M HCIO4, respectively W hile these diffusion 470
coefficients are large for solid deposits, they are still 471
many orders o f magnitude smaller than those found for 472
the com plex dissolved in solution, 5 6 ± 1  1 x 10“ 6 cm 2 473
s -1  These relatively small diffusion coefficients are 474
likely to limit the technological exploitation o f  materials 475
o f this kind significantly For example, under semi- 476
infinite linear diffusion conditions it would take ap- 477
proxim ately 15 s to switch a 1 jxm thick film from one 478
oxidation state to another 479
In this system, the physical structure o f the deposit 480
does not appear to change significantly as the oxidation 481
state is switched Under these circum stances, hom oge- 482
nous charge tiansport through the deposit is limited 483
either by electron self-exchange between the osm ium  484
sites or counterion diffusion through the solid If 485
election self-exchange is the rate determ ining step, 486
charge com pensating counterions must be fieely  avail- 487
able within the deposit and DCT is expected to depend at 488
best only weakly on the electiolyte concentration 489
Significantly, Table 2 shows that D c t  does not depend 490
287
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Table 1
Resistance R  double layer capacitance Ctn and elect!ode response times R C  foi 25 pm ladius phtinum micioelectiodes before and aftei 
lijodification with a sohd deposit of [Ostbpy)^  4bpt Os(bpy)2Ch](PF6)-} as the concentration of L1CIO4 is systematically varied n
1LiC104]/M Bare Modified
R I Q Cd,/pF ÆCdi/ns R / Q Q,/nF R C J  ps
00 2400(192) 5 89(0 53) 1 41(0 25) 3169(253) 4 10(0 23) 1 29(0 18)
0 1 2200(188) 6 28(0 50) 1 38(0 23) 3212(198) 4 64(0 21) 1 49(0 17)
02 2056(132) 6 48(0 58) 1 33(0 21) 3034(215) 5 05(0 28) 1 53(0 19)
04 1877(140) 7 06(0 14) 1 32(0 12) 2800(184) 5 60(0 33) 1 56(0 20)
06 1700(119) 7 06(0 28) 1 20(0 13) 1890(195) 5 44(0 16) 1 02(0 14)
08 1550(15 5) 7 46(0 74) 1 15(0 12) 1636(156) 5 89(0 14) 0 95(0 10)
1 0 1400(70) 8  2 4 ( 0  4 9 ) I 15(0 13) 1475(35) 641(0 31) 0 94(0 07)
1 The numbers in parentheses represent errors obtained fiom at least three independent experiments
[CIOJ I M
Fig 7 Dependence of the total cell resistance R  on the concentration 
of L1CIO4 is supporting electrolyte Data for a bare 25 pm radius 
platinum microelectrode are shown on the lower curve (•) while the 
upper curve is for the same microelectrode modified with an [Os(bpy)2 
4bpt Os(bpy)2Cl2](PF6)-, solid deposit (■)
on the concentration o f electrolyte in either L1CIO4 or 
HCIO4 This observation suggests that ion transport is 
facile and that the rate o f  charge transport is limited by 
the rate o f electron self-exchange between Os2+ and 
Os3+ couples within the deposit M oreover, the fact that 
DCt  is not influenced by the protonation state o f the 4- 
bpt, suggests that the ‘through-space’ electronic com ­
munication between adjacent metal centres is substan­
tially strongei than the ‘through-bond’ interaction  
occurnng across the bridging ligand  
The D ahm s R uff expression allows the second order 
rate constant, A:Se > describing the dynamics o f self­
exchange between adjacent O s2+/3+ m oieties, to be 
determined
£)c t  =  Dphys ■+ 1 / 6A:SEt52ceff (3)
where D phys described physical diffusion in the absence 
o f electron hopping and 6 is the inter-site separation  
between adjacent redox centres Given that the osm ium  
redox centres are im m obilised within a solid deposit,
E  I V vs Ag|AgCl
Fig 8 Scan rate dependence of the voltammetric lesponse for a 
deposit of [Os(bpy)2 4bpt Os(bpy)2C!2](PF6)3 formed on a 25 pm 
radius platinum microelectrode The supporting electrolyte is 0 1 M 
HCIO4 containing 20% acetonitrile Fiom top to bottom the scan rates 
are 800 600 400 and 200 mV s- 1 Inset Ip vs v for these deposits
£>phys is assumed to be zeio  The inter-site separation is 534
estimated from the X-ray crystal stiuctu ie  as a through- 535
space distance o f  13 4 U sing these values, Eq (3) yields 536
late constants for election self-exchange o f  1 8 x 107 537
and 3 0 x 1 07 M -1  s _1 at pH 6 0  and 1 0, respectively 538
These values are comparable with those reported for 539
osm ium  poly-pyndyl com plexes in solution [20] or 540
within m onolayers [21-23] It is perhaps ím poitant to 541
note that the absolute values o f  these self-exchange 542
rate constants depends on the accuracy o f cerr 543
However, given the structural similarity o f  the piesent 544
system and that investigated p ieviously [11] where 545
it was possible to estim ate cc^  experim entally uncer- 546
tainty in <?eff will not change the order o f m agnitude o f  547
k SE 2 g 8  548
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Tig 9 Scan iate dependence of the voltammetric response foi a 
deposit of [Os(bpy)2 4bpt Os(bpy)2Ci2](PF6) 3 formed on a 25 jim 
iadius platinum microelectrode The supporting electrolyte is 0 1 M  
L1CIO4 containing 20% acetomtrile Fiom top to bottom the scan lates 
are 800 600 400 and 200 mV s- 1 Inset 7P vs v for these deposits
6 
4
3 
2 
1
f  °
1
2
3
A
-6
-0.2 0 02  04 06  08
E l  V vs Ag|AgCI
Fig 10 Cyclic voltammograms for a mechanically attached deposit of 
[Os(bpy)2 4bpt Os(bpy)2Cl2](PF6)T formed on a 25 ^im radius platinum 
microelectrode The scan rates are (from top to bottom) 571 and 200 V 
s' 1 Theoretical voltammograms obtained generated according to the 
Butler-Volmer formalism of electrode kinetics are denoted by ■ and 
★ at scan rates of 571 and 200 Vs “ 1 respectively
Table 2
Effect of the identity and concentration of supporting electrolyte on 
the homogenous charge transport diffusion coefficient through solid 
state [Os(bpy)2 Cl 4 bpt Os(bpy)2Cl](PF6) 2 deposits a
Concentntion/M 1 0'° Dcr/cm2 s" 1
(L1QO4)
1 0 10 DCT/cm2 s 1 
(HCIO4)
0 1 2 0 (0 6) 2 0 (0 5)
05 2 0 (0 4) 1 8 (0 3)
07 1 8 (0 6) 1 6 (0 3)
1 0 2 0 (0 1) 1 7 (0 4)
1 5 2 0 (0 4) 15(0 1)
2 0 2 1 (0 3) 1 6 (0 3)
11 Errors are in parentheses and represent the standard deviation on 
at least three independently foimed deposits
3 7 Hetei ogeneous electron transfer dynamics
As discussed above the voltam m ogram s shown in
Tigs 8 and 9 are controlled by electron self-exchange
between adjacent osm ium  centres However, at higher
scan rates the rate o f heterogeneous electron transfer
across the electrode | deposit interface influences the
voltammetric response causing an increase in A £ p Fig
10 illustrates the voltam m ogram s obtained for solid  
deposits o f the dimer at scan rates o f  200 and 571 V s “ 1 
The resistance data illustrated in Fig 7 confirm  that the 
ohmic drop expected under these conditions is less than 
10 mV which is negligible compared to the AE p 
observed Therefoie, slow heterogeneous electron trans­
fer is the dom inant factor controlling the large peak to- 
peak sepaiation obseived at these high scan lates Fig 
10 also illustiates theoretical fits to the experimental 
cyclic voltam m ogram s generated according to the But-
ler-V olm ei form alism o f  electrode kinetics [24] In 566
fitting these voltam m ogram s, the residual sum o f  567
squares between the experimental and theoretical oxida- 568
tion currents were minimized and then the reduction 569
branch o f  the voltam m ogram  was predicted The 570
satisfactory agreement observed between theory and 571
experiment suggests that the voltam m ogram s for the 572
solid deposits can be described approxim ately by con- 573
ventional solution phase models based on sem i-infinite 574
linear diffusion M oieove i, the satisfactoiy fits suggest 575
that the deposits are solvated and that the electroche- 576
mical double layer is established at the electiode | layer 577
interface This conclusion is consistent with our ob- 578
servation that the formal potentials o f  solution phase 579
and solid deposits a ie  similar For 5 <  v <  100 V s “ 1, 580
the best fit simulated voltam m ogram  is obtained where 581
Z>ct is 2 0 x  10“ 10 cm 2 s “ 1 and the standard hetero- 582
geneous election transfei rate constant, k°, is 1 0 8 ±  583
0 05 x 10 - 3  cm s _  1 The diffusion coefficient obtained 584
by fitting the com plete voltam m ogiam  is identical to 585
that found using the R andle-Sev^ik  analysis to within 586
5% Significantly, the standard heterogeneous electron 587
transfer rate constant is independent o f  the scan rate 588
indicating that the layers are kinetically hom ogeneous 589 
The observation that the rate constants for all redox 590
centres capable o f undergoing heterogeneous electron 591
transfer are experim entally indistinguishable suggests 592
that the local m icroenvironm ents, electron transfer 591
distances and reorganization energies are identical for 594
individual redox centres An identical k°  value is 595
obtained at both pH  1 0 and 6 0, indicating that 596
protonating the bridging ligand does not affect the 597
electron transfer rate 598
289
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A challenging issue is to probe the eftect o f  supramo- 
leculai o idei on the late o f heterogeneous electron 
transfer Previously, we reported on the heteiogeneous 
electron tiansfei dynam ics o f  spontaneously adsorbed  
m onola>eis o f  [Os(bpv)2Cl 4-bpt]+ [13] For these 
m onolayers, apparent k J values o f 1 6 x 105 and 4 4  x 
104 s “ 1 were found tor m onolayer oxidation and 
reduction, co ’ iesponding to distance normalised h e tu o -  
genous electron transfer rate constants o f  1 x 10- 2  and 
4 4 x l 0 - 3  cm s ' 1, lespectively S ig n if ic a n t  these 
values a ie less than an order o f  magnitude larger than 
those found for the .olid state layers described here 
This observation suggests that the 4-bpt bridge doe> not 
support stion g  electronic com m unication between the 
delocahsed electronic states o f an electrode and the 
localised iedox orbitals o f  the [Oa(bpy)2C l]+ m oiety
4 Conclusions
Solid deposits o f [Os(bpyj2 4-bpt Os(bp) )2C12](PF6)2 
have been foim ed on platinum microelectrodes, bpy is 
2 2'-bipyridyl and bpt is 3,5-bis(pyridm -4-yl)-l,2,4, tna- 
zole In both h C \ 0 4 and H C I0 4 electrolytes the 
voltam m etnc response arising from the O s24/M  redox 
couple is close to ideal and is lem m iscent of that 
associated with an electrochem ically leveisib le solution  
phase iedox couple Significantly, while both metal 
centres can be oxidised within an experim entally acces­
sible potential w indow  when the dimer is dissolved in 
acetomtrile, only a single one elec ron transfer process is 
obseived for the sohd deposits Significantly, the depen­
dence ol the apparent d ifiu^on  coefficient on the 
concentiation ol the m p p oitin g  electtolyte suggests 
that the late o f chaige transpoit thiough the sohd is 
controlled bv electron hopping rathei than chaige  
com pensating ion diffusion into  the solid The rate 
constant o f heterogeneous electron transfer acioss the 
electrode | deposit interlace k is 1 0 8 ± 0  05 y  10-3
cm a“ 1 and is independent o f  the electrolyte pH This 635
value is approxim ately one order o f  m agnitude lower 636
than that found for a similai m onom eric com plex in 637
which the 4-bpt bridging ligand is attached directly to 638
the electrode 639
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